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1. Introduction and objectives 
The increasing concern about the environmental impact of the industrial processes over 
the last years has led to the development of novel processes based on green technology. The 
green technology combines the principles of green chemistry1 and green engineering2 in 
order to design processes more energy efficient and less dangerous for the environment. In 
order to develop different forms of green technology, the search of new solvents to minimise 
the environmental damages caused by traditional organic solvents used in many industrial 
processes is one of the most important targets.  
In this background, ionic liquids (ILs) and low transition temperature mixtures (LTTMs) 
have garnered a great attention since their interesting properties make them promising 
candidates to replace the current traditional organic solvents.  
Ionic liquids are low-melting salts that form liquids composed entirely of ions3. These 
solvents are being widely studied over the last thirty years, since they are considered as a 
sustainable alternative to the current separation agents used in the industry because of their 
attractive properties, among which are: a negligible vapour pressure, which prevents odour 
problems and atmospheric pollution, and a high chemical and thermal stability.  
Low transition temperature mixtures, discovered in 20034, seem to be also a promising 
alternative to consider, since they share many of the positive properties of the ILs and 
additionally, they can be easily and cheaply prepared by simply mixing the individual 
components and applying some heat. The LTTMs are composed by two or three high melting 
1 Anastas P.T., Warner J.C., Green Chemistry: Theory and Practice, Oxford University Press, New York, 1998 
2 Anastas P.T., Zimmerman J.B., Env. Sci, Tech. 37 (2003) 94A-101A 
3 Poole C.F., Poole S.K., J. Chromatogr. A 1217 (2010) 2268-2286 
4 Abbott A.P., Capper G., Davies D.L., Rasheed R.K., Tambyrajah V., Chem. Commun. (2003) 70–71 
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point solids which show strong hydrogen bonding interaction giving as a result mixtures 
with lower melting points than those of each individual components.  
 
1.1. Designer solvents 
Ionic liquids and low transition temperature mixtures are included within a group termed 
designer solvents since their physicochemical properties can be tailored for specific 
applications by combinations of the cations and the anions in the case of the ILs and of the 
hydrogen bond donors and the hydrogen bond acceptors in the case of the LTTMs. This 
feature is very attractive since the fine-tuning of their properties allows them to optimise the 
process efficiency and cost of industrial processes in which they are involved. Accordingly, 
both ILs and LTTMs are being object of widespread study, given that they can be applied in 
a large number of different processes. 
1.1.1. Ionic liquids 
The most broadly accepted definition for the term of ionic liquid is those that defines 
them as any salts with a melting point below 100 ºC1,2, although within this group of salts 
are included the room temperature ILs (RTILs) which have melting points below room 
temperature. They are the most interesting for industrial applications, ranging from the 
petrochemical, pharmaceutical and biochemical industry to the nuclear industry. 
The first ionic liquid reported in literature was ethylammonium nitrate, which is liquid at 
12.5 ºC, described by Walden3 in 1914. Moreover, a patent about the application of 
pyridinium-based molten salts combined with halide salts in the dissolution of certain 
amounts of cellulose was reported in 19344. However, this new class of liquids did not start 
to attract interest until the 1970s, when the ILs based on dialkylimidazolium and 
alkylpyridinium cations combined with chloroaluminate and other metal halides as anions 
were used in the electrochemistry field5,6,7. Nevertheless, these ILs were water and air 
1 MacFarlane D.R., Seddon K.R., Aust. J. Chem. 60 (2007) 3-5 
2 Earle J.M., Esperança J.M.S.S., Gilea M.A., Lopes J.N.C., Rebelo L.P.N., Magee J.W., Seddon K.R., Widegren J.A., 
Nature 439 (2006) 831-834 
3 Walden P., Bull Acad Imper Sci. St. Pétersbourg 8 (1914) 405-422 
4 Graenacher C., Cellulose solution, US Pat. 1943176 (1934) 
5 Chum H.L., Koch V.R., Miller L.L., Osteryoung R.A., J. Am. Chem. Soc. 97 (1975) 3264–3265 
6 Gale R.J., Gilbert B., Osteryoung R.A., Inorg. Chem. 17 (1978) 2728–2729 
7 Nardi J.C., Hussey C.L., King L.A., US Pat. 4,122,245 (1978) 
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sensitive and thus, ILs formed with weakly coordinating anion like BF4 and PF6, which were 
more air and water stable, started to emerge in the 1990s1 in order to resolve this problem, 
and allowing the application of the ILs outside the field of the electrochemistry. Over the 
years that followed, new classes of cations and anions were investigated in numerous 
chemical and industrial processes. A selection of the typical ionic liquids cations and anions 
used in literature is shown in Figure 1.1.1.1. 
 
Figure 1.1.1.1. Structure of the typical anions and cations of the studied ILs in literature 
The ionic liquids are composed of bulky and asymmetric ions with anion-cation 
interactions weaker than those established in the conventional ionic compounds, thereby, 
leading to lower melting point and allowing them to be in the liquid state at a wide range of 
temperature. Besides, the ILs show, in general, negligible vapour pressure, high thermal and 
chemical stabilities, non-corrosiveness, non-flammability and good solvating capacity for 
organic and inorganic compounds, among other properties2,3. Due to the large number of 
possible cation/anion combinations and the freedom in designing the organic cation by 
varying the substituents (linear alkyl chains, highly functionalised, branched, aromatic, or 
cyclic moieties)4, there is the possibility of designing millions of ILs with different 
                                                            
1 Wilkes J.S., Zaworotko M.J., Chem. Commun. 13 (1992) 965–967 
2 Welton T., Chem. Rev. 99 (1999) 2071–2083 
3 Baranyai K.J., Deacon G.B., MacFarlane D.R., Pringle J.M., Scott J.L., Aust. J. Chem. 57 (2004) 145-147 
4 Werner S., Haumann M., Wasserscheid P., Annu. Rev. Chem. Biomol. Eng. 1 (2010) 203-230 
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properties. These unique properties have given rise to their application in a wide range of 
areas such as catalysis, electrochemistry, synthesis, chemical transformations, separation 
processes, etc. A brief overview of these application is presented below. 
One of the first fields where the ILs has been widely investigated is the electrochemistry. 
Since most of the ILs present a wide electrochemical window, high conductivity, and 
negligible vapour pressure, they are used like semiconductors1, electrolytes in batteries2, or 
in the electrodeposition of metals3, among many other applications. 
Over the past few years, the majority of investigations are on two clear directions: as 
reaction media and as solvents for separation processes4. The ILs are applied as reaction 
media with promising results in different chemical reactions such as organic and inorganic 
synthesis5, catalytic reactions6, polymerisations7, biotransformations8, and many others.  
The other great field of application is in the separation processes, in which the ILs are 
studied as alternative to conventional organic solvents used mainly due to their stability, 
especially at higher temperatures, and the adjustable miscibility and polarity9. In this 
direction, ILs are investigated as solvents for extractive distillation, extraction and 
absorption processes. Some examples include the extractive distillation of mixtures such as 
aromatic/aliphatic hydrocarbons, organic compound/water, or olefin/paraffins; 
environmental separation as desulfurization and denitrogenation of fuels10; the combination 
of separations in the liquid phase with membranes, either as a bulk liquid membrane 
(BILM)11 or supported ionic liquid membrane (SILM)12 to separate aromatic/aliphatic 
mixtures and gas separations as absorption processes which are extensively used in the 
natural gas, petroleum and chemical industries for the separation of CO213. 
1 Liu Y.S., Pan G.B.. Ionic Liquids for the Future Electrochemical Applications. Ionic Liquids: Applications and 
perspectives, InTech, 2011 available from: http://www.intechopen.com 
2 Lewandowski A., Świderska-Mocek A., J. Power Sources 194 (2009) 601-609 
3 Abbot A.P., McKenzie K.J., Phys. Chem. Chem. Phys. 37 (2006) 4265-4279 
4 Seddon K.R., J. Chem. Tech. Biotechnol. 68 (1997) 351–356 
5 Welton T., Chem. Rev. 99 (1999) 2071–2083 
6 Holbrey J.D., Seddon K.R., Clean Prod.Proc. 1 (1999) 223-236 
7 de los Ríos A.P., Hernández F.J., Ginestá A., Sánchez S., Larrosa A., García E., Escasaín M.J., Lozano L.J., Godínez C., 
Jornadas de introducción a la investigación de la UPCT, 4 (2011) 66-68 
8 Giernoth R., Angew. Chem. Int. Ed. 49 (2010) 2834-2839 
9 Meindersma G.W., Onink S.A.F., de Haan A.B., Handbook of Green Chemistry, Volume 6 Ionic liquids, Wiley-VCH 
Verlag GmbH & Co. Weinheim (Germany) 2010 
10 Schmidt R., Energy Fuels 22 (2008) 1774-1778 
11 Chakraborty M., Bart H.-J., Fuel Process. Technol. 88 (2007) 43-49 
12 Branco L.C., Crespo J.G., Alfonso C.A.M., Angew. Chem. Int. Ed. 41 (2002) 2771-2773 
13 Anthony J.L., Maginn E.J., Brennecke J.F., J. Phys. Chem. B 106 (2002) 7315-7320 
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Other interesting application of the ILs, motivated for their functional properties, is the 
dissolution or extraction of bio-related materials that are hardly dissolved in common 
solvents, such as the dissolution of biopolymers as cellulose1, lignin2 or proteins3.  
There is a huge number of applications in many and diverse investigation areas4,5 such 
as: gas chromatography stationary phases, lubricants, heat-transfer fluids in sun energy 
systems, additives, lubricants, plasticisers, dispersants and surfactants…  
Nevertheless, the number of processes at an industrial level is still reduced. The first ionic 
liquid based process on pilot scale was developed by the Institute Française du Pétrole 
(IFP)6, it is called DIFASOL and consists of the dimerization of olefins using the ionic liquid 
as catalyst. Other applications on pilot plant or even industrial scale are the BASIL7 process 
implemented by BASF to obtain alkoxyphenylphosphines in biphasic systems without solid 
production and the use of ILs as additives in the new pigments production8 by DEGUSSA. 
Many other companies, such as BP, Air products, IoLiTec… have also research projects 
involving ILs at advanced stage of development.  
Although the ILs present a large number of advantageous properties, they also present 
some limitations. On one hand, their synthesis is still expensive, particularly when compared 
to conventional organic solvents. On the other hand, the toxicity of some ILs is an important 
drawback. Although the ILs are considered as a greener alternative to the current organic 
solvent due to their negligible vapour pressure which reduces or eliminates the risk of 
polluting emissions to air9, this feature does not guarantee the no existence of environmental 
risk to aquatic ecosystem.  
For this reason, many investigations about the evaluation of the toxicity of the ILs have 
been carried out over the last years. According to the works about the ecotoxicity of the ILs, 
both cation and anion have an important effect in the IL toxicity10,11 and the alkyl chains of 
the IL cation with more than 4 carbon atoms are associated with an increase in the 
1 Swatloski R.P., Spear S.K., Holbrey J.D., Rogers R.D., J. Am. Chem. Soc.124 (2002) 4974–4975 
2 van Spronsen J., Tavares M.A., Witkamp G.-J., de Jong W., Kroon M.C., Chem. Eng. Process. 50 (2011) 196-199 
3 Martínez-Aragón M., Burghoff S., Goetheer E.L.V., de Haan A.B., Sep. Purif. Technol. 65 (2009) 65-72 
4 de los Ríos A.P., Hernández F.J., Ginestá A., Sánchez S., Larrosa A., García E., Escasaín M.J., Lozano L.J., Godínez C., 
Jornadas de introducción a la investigación de la UPCT, 4 (2011) 66-68 
5 Wilkes J.S., Green Chem. 4 (2002) 73-80 
6 Chauvin Y., Olivier H., Wyrvalski C.N., Simon L.C., de Souza R.F., J. Catal. 165 (1997) 275-278 
7 Rogers R.D., Seddon K.R., Biphasic acid scavenging utilizing ionic liquids: The first commercial process with ionic 
liquids, Eds. American Chemical Society: Washington DC, 902 (2005) 126-132 
8 Weyershausen B., Lehmann K., Green Commun. 7 (2005) 15-19 
9 Matzke M., Stolte S., Thiele K., Juffernholz T., Arning J., Ranke J., Weltz-Biermann U., Jastorff B., Green Chem. 9 
(2007) 1198-1207 
10 Pham T.P.T., Cho C.-W., Yun Y.-S., Water Research 44 (2010) 352-372 
11 Álvarez-Guerra M., Irabien A., Green Chem. 13 (2011) 1507-1516 
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toxicity1,2,3. Furthermore, some biodegradable ILs have been found, especially when they 
present an ester group in the alkyl chain of the IL cation3,4,5.  
1.1.2. Low transition temperature mixtures 
Low transition temperature mixtures are composed of one or more hydrogen bond donors 
(HBD) and one or more hydrogen bond acceptors (HBA) that when mixed together in a 
proper molar ratio, show lower melting point than the individual components. Their starting 
materials are usually easily biodegradable, cheap and non-toxic compounds, and they can 
even be natural compounds.  
This new type of solvent was first reported by Abbot et al.6 in 2003; the mixture choline 
chloride and urea, with melting points of 302 ºC and 133 ºC, respectively, in a molar ratio 
(1:2) gave as a result a mixture with a melting point of 12 ºC. Thereby, a new solvent system 
that consists of natural and renewable starting materials was introduced and it was termed as 
deep eutectic solvents (DESs) in 20047 when they were proposed as an alternative to ILs due 
to their interesting characteristics. These mixtures form a eutectic with a wide liquid range 
and the hydrogen bonding interactions are then the main driving force of this phenomenon. 
Nevertheless, many mixtures within this solvent system do not show eutectic melting points, 
but glass transitions instead. Hence, the term low transition temperature mixture was 
introduced in 20128, thereby encompassing the different types of mixtures. 
Most LTTMs share many attractive solvent properties with the ILs, among them there are 
the low vapour pressure, wide liquid range, water compatibility and non-flammability. 
Besides, like the ILs, their physicochemical properties can be tuned by changing the nature 
of the hydrogen bond donor and the hydrogen bond acceptor. Additionally by changing their 
relative compositions, which have a great influence over the physical properties of the 
solvent, it is possible the preparation of a suitable LTTM for a specific application. 
Moreover, one of their most interesting characteristics is their easy and cheap preparation. 
LTTMs can be formed by simple mixing two or three precursors and heating at moderate 
1 Álvarez-Guerra M., Irabien A., Green Chem. 13 (2011) 1507-1516 
2 Docherty K.M., Kulpa C.F.J., Green Chem. 7 (2005) 7, 185-189 
3 Gathergood N., García M.T., Scammells P.J., Green Chem. 6 (2004) 166-175 
4 García M.T., N. Gathergood, P.J. Scammells, Green Chem. 7 (2005) 9-14 
5 Frade R.F.M., Afonso C.A., Human Exp. Tox. 29 (2010) 1038-1054 
6 Abbott A.P., Capper G., Davies D.L., Rasheed R.K., Tambyrajah V., Chem. Commun. (2003) 70–71 
7 Abbott A.P., Boothby D., Capper G., Davies D.L., Rasheed R.K., J. Am. Chem. Soc. 126 (2004) 9142-9147 
8 Francisco M., van den Bruinhorst A., Kroon M.C., Green Chem. 14 (2012) 2153-2157 
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temperatures without the need for further purification. Many of these starting materials are 
normally cheap, easily available, biodegradable and non-toxic compounds as quaternary 
ammonium, usually choline chloride, combined with compounds such as natural amino 
acids, different carboxylic acids present in fruits and vegetables, sugars, organic acids or 
alcohols, among the multiple possible combinations1,2,3. In Figure 1.1.2.1. some typical 
structures of HBDs and HBAs that can be combined to form LTTMs are shown. 
 
Figure 1.1.2.1. Structure of the typical HBD and HBA used for LTTMs preparation  
Other attractive characteristics of the LTTMs are the biodegradability and the availability 
of the precursors, these properties depend directly on the nature of their starting materials 
that usually are natural compounds, which implies that this kind of solvents present a low 
toxicity4 and also a low cost5. Nevertheless, LTTMs that consist of components such as 
triphenylphosphonium or imidazole salts, which show a certain toxicity, are also being 
investigated as promising solvents in different processes1,6,7. 
                                                            
1 Ruß C., König B., Green Chem. 14 (2012) 2969-2982 
2 Dai Y., van Spronsen J., Witkamp G.-J., Verpoorte R., Choi Y.H., Anal. Chim. Acta 766 (2013) 61-68 
3 Francisco M., van den Bruinhorst A., Kroon M.C., Angew. Chem. Int. Ed. 52 (2013) 3074-3085 
4 Zhang Q., Oliveira-Vigier K., Royer S., Jerome F., Chem. Soc. Rev. 41 (2012) 7108-7146 
5 Francisco M., van den Bruinhorst A., Kroon M.C., Green Chem. 14 (2012) 2153-2157 
6 Shahbaz K., Mjalli F.S., Hashim M.A., AlNashef I.M., Energy Fuels 25 (2011) 2671-2678 
7 Chen S., Zhang J., Wu T., Feng P., Bu X., Dalton Trans. 39 (2010) 697-699 
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Moreover, the recovery of the starting materials of the LTTMs seems to be relatively easy 
to perform by disrupting or altering the complex structure in their matrix because of the 
nonexistence of chemical reactions during their formation1.  
Considering that the LTTMs present most of the advantages of ILs and their preparation 
is so cheap and easy, the LTTMs are being researched in multiple fields of applications. For 
instance, they have been successfully applied as electrolytes for electrodeposition of metal 
and alloys2,3, as solvent or catalysts in chemical reactions4,5,6 including biotransformations7, 
or in the synthesis of nanoparticles8. Over the last years, their feasibility as possible solvents 
in separation processes is also being investigated. Publications about their use in solid-
liquid9, liquid-liquid10,11 and vapour-liquid12 extractions and biomass processing13, among 
the most noteworthy, can be found. These are some examples of applications of the LTTMs 
investigated until date; nevertheless, due to the versatile nature of the starting materials of 
these type of solvents, it is reasonable to expect that research on these solvents will greatly 
grow in the following years in a wide range of different applications. 
Additionally, it should be mentioned that the LTTMs present some important drawbacks 
related to their thermal stability and their non-negligible vapour pressure, which prevent 
their application in processes in which high temperatures are required; besides, due to their 
hydrogen-bonding nature it is impossible to form water-insoluble LTTMs. These issues limit 
the field of application of the LTTMs. 
Nonetheless, due to the multiple possible combinations to form new LTTMs and with 
deeper studies on the interactions and building principles that would lead to a better 
understanding of the properties of these new solvents, new applications will be enhanced in 
a near future. 
 
1 Francisco M., van den Bruinhorst A., Kroon M.C., Angew.Chem. Int. Ed. 52 (2013) 3074-3085 
2 Abbott A.P., Capper G., McKenzie K.J., Glidle A., Ryder K.S., Phys. Chem. Chem. Phys. 8 (2006) 4214–4221 
3 Ramesh S., Shanti R., Morris E., J. Mater. Sci. 47 (2011) 1–7 
4 Zhang Q., Oliveira-Vigier K., Royer S., Jerome F., Chem. Soc. Rev. 41 (2012) 7108-7146 
5 Díaz-Álvarez A.E., Francos J., Lastra-Barreira B., Crochet P., Cadierno V., Chem. Commun. 47 (2011) 6208–6227 
6 Carriazo D., Serrano M.C., Gutiérrez M.C., Ferrer M.L., del Monte F., Chem. Soc. Rev. 41 (2012) 4996–5014 
7 Domínguez de María P., Maugeri Z., Curr. Opin. Chem. Biol. 15 (2011) 220-225 
8 Liao H.-G., Jiang Y.-X., Zhou Z.-Y., Chen S.-P., Sun S.-G., Angew. Chem. Int. Ed., 47 (2008) 47 9100-9103 
9 Abbott A.P., Collins J., Dalrymple I., Harris R.C., Mistry R., Qiu F., Scheirer J., Wise W.R., Aust. J. Chem. 62 (2009) 
341–347 
10 Smith J.R.L., Fang Z., Fluid Phase Equilibr. 302 (2011) 65–73 
11 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52-59 
12 Li X., Hou M., Han B., Wang X., Zou L., J. Chem. Eng. Data 53 (2008) 548-550 
13 Francisco M., van den Bruinhorst A., Kroon M.C., Green Chem. 14 (2012) 2153-2157 
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1.2. Separation of aromatic hydrocarbon  
Petroleum is an essential product to the current industrial civilization. It is mainly 
composed of different basic types of hydrocarbons, such as alkanes, cycloalkanes and 
aromatic hydrocarbons which are in varying proportions that characterise its source and 
constitute between 50 and 90% of the petroleum composition. The aromatic hydrocarbons 
represent about 20% of its composition and they are considered as the most toxic compounds 
of crude oil. Therefore, the extraction of the aromatics from the petrochemical streams is 
currently one of the main targets of the petrochemical industry1. 
An important fraction within the aromatic hydrocarbons is composed by benzene, 
toluene, ethylbenzene and xylenes isomers (BTEX), which are basic raw materials for many 
intermediate and fine chemicals. In particular, benzene is an important chemical raw material 
for the production of many different chemical products as cyclohexanol, hexane diacid, 
cyclohexane, caprolactam or ethylbenzene which are precursors of different polymers 
(styrene, nylon, α-methylstyrene...). Besides, it is used in the manufacture of detergents, 
explosives, pharmaceuticals products, paints, oils, lubricants and resins, among other 
products.  
In addition, environmental regulations have become more restrictive, requiring the use of 
more ecofriendly industrial processes and products. The new requirements on petroleum 
products, such as gasoline, diesel fuel or engine oils, demand a reduction of the level of 
sulfur and aromatic compounds to minimise their environmental impact2,3.  
Aromatics are mostly obtained by separating aromatic-rich fractions produced from 
gasoline reforming and naphtha cracking processes in the petroleum refinery4. Furthermore, 
the separation of aromatic from their aliphatic hydrocarbons counterparts is challenging in 
the petrochemical industry because of the small difference in boiling points and the existence 
of azeotropes5,6. 
The conventional processes employed industrially for this separation include azeotropic 
distillation, extractive distillation, liquid-liquid extraction, crystallisation by freezing or 
1 Gaile A.A., Zalishchevskii G.D., Gafur N.N., Semenov L.V., Varshavski O.M., Fedyanin N.P., Koldobskaya L.L., 
Process. Chem. Technol. Fuels Oils 40 (2004) 215-221 
2 Dixson Decléve S., Proceedings of the 6th International Colloquium Fuels. (2007) 3-5 
3 Kędra-Królik K., Fabrice M., Jaubert J.-N., Ind. Eng. Chem. Res. 50 (2011) 2296-2306 
4 de Klerk A., Green Chem. 10 (2008) 1249-1279 
5 Meindersma G.W., Podt A.J.G., de Haan A.B., Fuel Process. Tech. 87 (2005) 59-70 
6 Domańska U., Pobudkowska A., Królikowski M., Fluid Phase Equilibr. 259 (2007) 173-179 
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adsorption on solids1,2. In Table 1.2.1. a briefly summary of the most used conventional 
processes for the aromatic/aliphatic separation3 is displayed. 
Table 1.2.1. Current processes used for aromatic recovery 
Process Application Application range 
Azeotropic distillation benzene/toluene/xylenes from 
pyrolysis gasoline 
High aromatic content (> 90%) 
Extractive distillation benzene/toluene/xylenes from 
pyrolysis gasoline 
Medium aromatic content (65-90%) 
Liquid-liquid extraction benzene/toluene/xylenes from 
reformate gasoline 
Lower aromatic content (25-65%) 
 
The separation of aromatics from reformate and pyrolysis gasoline consists essentially of 
stages for the separation of the non-aromatics followed by the separation of the aromatic 
mixture into its individual components. Depending on the aromatic content in the mixture to 
separate, different processes are available4.  
When the aromatic content is high, the most convenient process is the azeotropic 
distillation in which the addition of a polar solvent as acetone or methanol forms an 
azeotrope with one or more compounds of the mixture. This fact allows the aromatic/non-
aromatic separation in a sequence involving two or three distillation columns, as in the case 
of pyrolysis gasoline. 
Extractive distillation is economically sustainable for the range of 65-90% aromatic 
content as in the pyrolysis gasoline. In this process, a solvent that present lower volatility 
than the other compounds in the mixture is added. This added solvent leads to a change in 
the relative volatilities of the components allowing the mixture separation by distillation. 
The component with the greater volatility separates as the top product whereas the bottom 
product consists of a mixture of the added solvent with the other component, which can be 
separated easily owing to the fact this mixture is not an azeotropic mixture. The most used 
1 Meindersma G.W., de Haan A.B., Chem. Eng. Res. Des. 86 (2008) 745-752 
2 Gmehling J., Mollmann C., Ind. Eng. Chem. Res. 37 (1998) 3112-3123 
3 Weissermel K., Arpe H.-J., Industrial Organic Chemistry 4th ed. Wiley-VCH, Weiheim, Germany, 2003, pp.313-336 
4 Seader J., Henley E., Separation Process Principles. 1st ed. Wiley, New York, 1998 
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solvents for this type of process are: sulfolane (tetrahydrothiophene 1,1-dioxide)1,2, N-
methyl pyrrolidone (NMP)3, N-formyl morpholine (NFM)4 and glycols5.  
At low aromatic content in the feed (25-65%) the most suitable separation process is the 
liquid-liquid extraction which is more widely applied than the other two processes since it 
allows the simultaneous extraction of aromatic hydrocarbons in a mixture with varying 
concentrations.  
Nowadays, there are a large number of commercial processes whose main difference is 
the solvent used. In Table 1.2.2. some of the most used industrial processes and the solvent 
used are shown. 
Table 1.2.2. Industrial processed employed in aromatics separation 




Aqueous solution of monoethylene glycol 
(EG), diethylene glycol (DEG), triethylene 
glycol (TEG), or tetraethylene glycol 
140 
Tetra (UCC) Aqueous solution of tetraethylene glycol 150 
Sulfolane (Shell-UOP) Non-aqueous, sulfolane 100 
Aerosolvan (Lurgi) Aqueous solution of NMP 30 
Aerosolvan (Lurgi) Solution of glycol with NMP 60 
DMSO (IFP) Aqueous solution of dimethyl sulfoxide 35 
Morphylex (Krupp-Koppers) Aqueous solution of NFM 180 
 
Among the several liquid-liquid extraction processes developed, the process involving 
sulfolane is the most widely used for extracting aromatics from hydrocarbons mixtures. 
Sulfolane presents the higher selectivity and capacity for aromatics than any other 
commercial extraction solvent, and the sulfolane units can be operated at the lowest available 
solvent-to-feed ratio for any given reformate feedstock6. The sulfolane process is usually 
applied for feed streams with high content of aromatics. This process was developed by the 
Shell Oil Company in the early 1960s and combines liquid-liquid extraction with extractive 
1 Chen J., Li Z., Duan L., J. Chem. Eng. Data 45 (2000) 689-692 
2 Choi Y.J., Cho K.W., Cho B.W., Yeo Y.K., Ind. Eng. Chem. Res. 41 (2002) 5504-5509 
3 Al-Jimaz A.S., Fandary M.S., Alkhaldi K.H.A.E., Al-Kandary J.A., Fahim M.A., Ind. Chem. Res. 46 (2007) 5686- 
4 Mahmoudi J., Lotfollahi M.N., J. Chem. Thermodyn. 42 (2010) 466-471 
5 Al-Sahhaf T.A., Kapetanovic E., Fluid Phase Equilibr. 118 (1996) 271-285 
6 G.W. Meindersma, L.M. Galan Sánchez, A.R. Hansmeier, A.B. de Haan, Mon. Chem. 138 (2007) 1125-1136 
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distillation to recover high-purity aromatic mixtures obtained from reformate, pyrolysis 
gasoline or coke oven light oils1.  
The separation of aromatics from sulfolane (or solvent recovery) requires a rather 
complicated distillation process due to its boiling point at 287.3 °C, especially when it is 
used for the separation of high boiling aromatics which implies high energy costs and even 
problems of solvent degradation due to the high temperatures required during the solvent 
recovery2,3. Besides, the purity of extracted aromatics using the sulfolane process never 
exceeds 90% due to the co-extraction of considerable amounts of non-aromatics. Therefore, 
an extractive stripper column is almost always required to remove residual non-aromatics in 
order to achieve purities above 98% of the aromatic hydrocarbons.  
In this context, the ionic liquids and the low transition temperature mixtures have gained 
great attention as promising solvents to replace these conventional solvents in the liquid-
liquid extraction of aromatic hydrocarbons because of their attractive properties such as low 
vapour pressure, wide liquid range, water compatibility and non-flammability.  
In order to properly evaluate the real application of the possible candidate as extraction 
solvent, sulfolane is used as a benchmark to establish whether the solute distribution ratios 
and selectivities of a particular solvent are appropriated for a specific liquid-liquid extraction 
process. 
Ionic liquids have been widely studied as extraction solvents in the aromatic/aliphatic 
hydrocarbons separation since 1998 when Rogers et al.4 published a work about the use of 
1-butyl-3-methylimidazolium hexafluorophosphate, [BMim][PF6], in the extraction of 
several aromatic compounds. Since then, the influence of the temperature, the nature of the 
cation and anion of the ionic liquid and the structural characteristics of both the ILs and the 
aromatic and aliphatic hydrocarbons on the extraction process have been widely investigated 
through the study of the phase behaviour of binary and ternary systems. Nonetheless, the 
study of mixtures more similar to the petroleum streams, or in other words, the study of the 
liquid-liquid equilibria for systems with more than three components is really scarce until 
date.  
1 UOP, Sulfolane TM Process in http://www.uop.com/, 2008 
2 Schneider D.F., Chem. Eng. Prog. 100 (2004) 34-39 
3 Hossain M.A., Lee J., Kim D.H., Nguyen D.Q., Cheong M., Kim H.S., Bull. Korean Chem. Soc. 33 (2012) 3241-3247 
4 Huddleston J.G., Rogers R.D., Chem. Commun. 16 (1998) 1765-1766 
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Therefore, the study of mixtures with more than three compounds is very important and 
necessary to learn more about the behaviour of real mixtures and someday achieve the real 
replacement of the current polluting solvents. 
On the other hand, the first publication about the extraction of aromatics from their 
mixtures with aliphatic hydrocarbons using LTTMs as solvents was reported by Kareem et 
al.1 in 2012. This type of solvents is relatively new, although they are considered an 
interesting alternative to exploit. They share the promising characteristics of ILs and besides, 
their starting materials are usually easily biodegradable, cheap and non-toxic compounds, 
overcoming the high price and toxicity of ILs2,3. Practically no publications (8 entries until 
May 2015, search in the Scopus database) can be found in the research about LTTMs in the 
aromatic/aliphatic separation process although most of the tested solvents showed interesting 
results of the solute distribution ratio and selectivity in different aromatic/aliphatic mixtures. 
Therefore, the use of these more environmentally–friendly solvents for this separation 
process is of great interest but it is still in the early stage of the research. 
Consequently, and to sum up, it can be stated that the technical potential of these solvents 
in the aromatic/aliphatic hydrocarbons separation is promising. Further improvements can 
be expected in the near future with the development of predictive models based on the 
structural characteristics of the applied solvents together with the study of multicomponent 




The main objective of this thesis is the evaluation of the suitability of two types of 
solvents, ionic liquids (ILs) and low transition temperature mixtures (LTTMs), as extraction 
agents to improve the efficiency and/or sustainability of the separation of aromatic 
hydrocarbons from their mixtures with aliphatic hydrocarbons.  
The research about the applicability of the ionic liquids as entrainers for the separation of 
aromatic/aliphatic mixtures was developed in the Advanced Separation Processes Group of 
the Department of Chemical Engineering at the University of Vigo (Spain), while the study 
1 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
2 Ruß C., König B., Green Chem. 14 (2012) 2969-2982 
3 Zhang Q., Oliveira-Vigier K., Royer S., Jerome F., Chem. Soc. Rev. 41 (2012) 7108-7146 
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the potential use of LTTMs as solvents in the extraction of benzene from hexane was 
performed in the Separation Technology Group (SEP) of the Department of Chemical 
Engineering and Chemistry at the Eindhoven University of Technology in Eindhoven (The 
Netherlands). 
In order to pursue this general objective, different specific targets, which are organised 
into two main groups, were also attained: 
─ Characterisation of the solvents 
Different physical properties such as density, refractive index, speed of sound or viscosity 
were experimentally determined at T = (293.15 to 343.15) K, every 5 K, and atmospheric 
pressure in order to characterised the ammonium-based ILs and the two low transition 
temperature mixtures used in this work.  
─ Liquid-liquid extraction using ionic liquids 
In this section, different ionic liquids were evaluated as solvents in the separation process 
of aromatic/aliphatic hydrocarbons by liquid-liquid extraction. For this aim, the following 
tasks were developed: 
o Determination of the liquid-liquid equilibria of 66 binary systems {aromatic 
hydrocarbon (1) + ionic liquid (2)} at T = (293.15-333.15) K, every 5K, and 
atmospheric pressure in order to select the aromatic compound and the ILs to carry out 
the study of the phase behaviour of the ternary systems. The ionic liquids and aromatic 
hydrocarbons involved in this part of the thesis are listed in Table 1.3.1. 
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Table 1.3.1. List of the ILs and aromatic hydrocarbons used in the study of the LLE of the binary 
systems studied in this thesis  
Ionic liquids  Aromatic hydrocarbons 











1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [HMim][NTf2]  
1-hexyl-3-methylimidazolium dicyanamide, [HMim][DCA]  
1-ethyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide, [EMpy][NTf2]  
1-propyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide, [PMpy][NTf2]  
1-ethyl-3-methylpyridinium ethylsulphate, [EMpy][ESO4]  
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [BMpyr][NTf2]  
1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate, [BMpyr][TfO]  
1-butyl-1-methylpyrrolidinium dicyanamide, [BMpyr][DCA]  
butyltrimethylammonium bis(trifluoromethylsulfonyl)imide, [N4111][NTf2]  
tributylmethylammonium bis(trifluoromethylsulfonyl)imide, [N4441][NTf2]  
 
o Determination of liquid-liquid equilibria of 17 ternary systems {aliphatic hydrocarbon 
(1) + benzene (2) + ionic liquid (3)} at several temperatures and atmospheric pressure 
with the aim of selecting the most adequate solvent for the separation of benzene from 
its mixtures with the studied aliphatic hydrocarbons (octane, decane and dodecane). 
o Liquid-liquid equilibria of 3 quaternary systems {octane (1) + decane (2) + benzene 
(3) + ionic liquid (4)} were performed at T = 298.15 K and atmospheric pressure with 
the aim of getting a closer approach to the composition of real petrochemical streams.  
o Calculation of the solute distribution ratio and the selectivity from the experimental 
LLE data of the ternary and quaternary systems to evaluate the suitability of the studied 
ILs on the extraction process.  
o Analysis of the influence of the structural characteristics of the aromatics, aliphatic 
hydrocarbons and the ILs as well as the effect of the temperature on the phase 
behaviour of the binary, ternary and quaternary systems. 
17 
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o Correlation of the experimental LLE data using the Non-Random Two Liquid (NRTL) 
thermodynamic model1 of all the systems studied. 
o Comparison of the values of the extraction parameters obtained for the ternary and 
quaternary systems in order to study the influence of the presence of one or two 
aliphatic hydrocarbons in the extraction process. 
o Comparison with the literature. All the LLE data obtained in this work are compared 
with those found in literature for ionic liquids and sulfolane. 
─ Liquid-liquid extraction using low transition temperature mixtures 
The purpose of this research was to study the suitability of the LTTMs as extraction agents 
in the separation of benzene from hexane. To achieve this goal the following tasks were 
carried out: 
o Preliminary study of the solubility of benzene and hexane in 60 LTTMs in order to 
select the candidates to study the extraction of benzene from hexane. 
o Liquid-liquid equilibria of the ternary systems {hexane (1) + benzene (2) + LTTM (3)} 
were investigated at T = (298.15 and 308.15) K and atmospheric pressure using two 
different low transition temperature mixtures. 
o Calculation of the extraction parameters from the experimental tie-lines compositions 
to evaluate the capability of the used LTTMs as entrainers in the separation process. 
o Analysis of the effect of the temperature and the influence of the role of the hydrogen 
bond acceptor (HBA) in the LTTM on the extraction of benzene from hexane.  
o Correlation of the experimental LLE data with the NRTL thermodynamic model. 
o Comparison of the LLE data obtained with those found in the literature for ILs, 
sulfolane and other LTTMs with a view to discern the possible use of the studied 
LTTMs as alternative to sulfolane.  
All the ternary and quaternary systems studied in this thesis are summarised in Table 
1.3.2. 
 
1 Renon H., Prausnitz J.M., AlChE J. 14 (1968) 135-144 
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[BMpyr][NTf2] 298.15 2 decane  




[BMpyr][TfO] 298.15 5 decane  




[BMpyr][DCA] 298.15 8 decane  




[N4111][NTf2] 298.15 11 decane  






14 octane  308.15 
15 octane  318.15 
16 decane  298.15 
17 dodecane  298.15 
A 
benzene octane decane 
[BMpyr][NTf2] 
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2. Apparatus and chemicals 
The apparatus and chemicals used in the experimental part of this work are described in 
this chapter. The purification of some chemicals, the preparation of low transition 
temperature mixtures as well as the physical properties of the studied solvents as a function 
of temperature are also included. 
 
2.1. Apparatus 
The equipment used for the sample preparation and determination of the physical 
properties such as density, speed of sound, viscosity and refractive index of pure compounds 
and mixtures as well as the equipment used for the determination of the phase compositions 
in the ternary and quaternary systems are described in this section. 
2.1.1. Density measurement 
Densities of pure compounds and mixtures involving ionic liquids were measured using 
an Anton Paar DSA-5000M digital vibrating tube densimeter with an uncertainty in the 
measurement of ±3·10-5 g·cm-3. This device simultaneously determines the speeds of sound 
and the densities of the samples together with the densities with an uncertainty measurement 
of the speed of sound of ±3·10-1 m·s-1. The precisions of the density and speed of sound 
measurements are ±10-6 g·cm-3 and ±10-2 m·s-1, respectively. This equipment has a 
temperature controller that keeps the samples at working temperature with an uncertainty in 
the measurement of ±0.01 K.  
The calibration was checked with known density and speed of sound pure compounds. 
Moreover, the equipment automatically corrects the effect of viscosity on density, and also 
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detects the presence of bubbles in the cell. Before each measurement, the capillary was 




Figure 2.1.1.1. Anton Paar DSA-5000M 
densimeter 
Figure 2.1.1.2. Anton Paar SVM 3000/G2 
Stabinger densimeter-viscometer 
The density of the low transition temperature mixtures and pure compounds used in the 
ternary systems included in Chapter 5 were determined using an Anton Paar SVM 3000/G2 
Stabinger densimeter-viscometer with a high-precision thermostat with a stability of ±0.005 
K. The uncertainty in the measurement of density is of ±3·10-4 g·cm-3 and the precision of ± 
10-4 g·cm-3. This device automatically corrects the effect of viscosity on the density 
measurement. The calibration was checked with pure compounds before its use. Similar to 
the densimeter described above, the cleaning of this equipment is of the utmost importance 
and it was carried out with water and ethanol before each measurement. 
 
2.1.2. Viscosity measurement 
Kinematic viscosities were determined using an automatic viscometer Lauda PVS1 using 
several microUbbelhode capillaries of (0.7·10-3 and 1.26·10-3) m and Ubbelhode capillaries 
(3·10-3 and 4.7·10-3) m diameter with an uncertainty in the measurement of ±0.03, ±0.2, ±1 
and ±3 mPa·s, respectively, and a precision in the kinematic viscosity measurement of ± 10-
2 mm2·s-1. The microcapillaries were maintained in a D20KP LAUDA thermostat with an 
uncertainty in the temperature measurement of ±0.01K. The equipment is connected to a 
control unit PVS1 (Processor Viscosity System) that is a PC-controlled instrument for the 
precise measurements of the fall time, using standardised glass capillaries. The 
microcapillaries were calibrated and credited by the company. 
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Figure 2.1.2.1. Lauda PVS1 viscometer 
The experimental kinematic viscosities were used to calculate the corresponding dynamic 
viscosities, η, using the following equation: 
    𝜂𝜂 = 𝜈𝜈 · 𝜌𝜌     (2.1.2.1.) 
where η is the calculated dynamic viscosity, 𝜈𝜈 is the experimental kinematic viscosity and ρ 
is the experimental density. 
Moreover, the dynamic viscosities of the pure low transition temperature mixtures used 
in Chapter 5 were measured using the Anton Paar SVM 3000/G2 Stabinger densimeter-
viscometer with a high-precision thermostat described in the section 2.1.1., being the relative 
uncertainty in dynamic viscosity measurement and the precision of ±0.35% and ±10-3 mPa·s, 
respectively. 
 
2.1.3. Refractive index measurement 
The experimental refractive indices of pure ionic liquids were determined using an 
automatic refractometer Abbemat-WR Dr. Kernchen with an uncertainty in the 
measurements of ±4·10-5 and a precision of ±10-6. The apparatus was checked by measuring 
the refractive indices of Millipore quality water and pure solvents before each series of 
measurements according to the instruction manual. This equipment also has a temperature 
controller that keeps the samples at working temperature, and its uncertainty is ±0.01 K.  
The apparatus was calibrated by measuring the refractive index of Millipore quality water 
and tetrachloroethylene (provided by the supplier) before each series of measurements 
according to the manual instructions. The calibration was checked measuring pure liquids 





Figure 2.1.3.1. Abbemat-WR Dr. Kernchen refractometer  
2.1.4. Water content measurement 
The water content of the pure ionic liquids was measured with a Karl-Fisher titration 
method on a Mettler Toledo C20 Coulometric KF Titrator with an uncertainty in the 
measurement of ±5%. The reactants used were Hydranal-Coulomat CG and Hydranal-
Coulomat AG, supplied by Sigma-Aldrich, as cathodic and anodic titrants, respectively.  
 
  
Figure 2.1.4.1. Mettler ToledoC20 
Coulometric KF Titrator  
Figure 2.1.4.2. Metrohm 795 KFT 
Titrino  
The water content of the low transition temperature mixtures was also measured by Karl-
Fisher titration method, using a Metrohm 795 KFT Titrino using Hydranal-Composite 5K 
and Hydranal- methanol rapid as reactants. The uncertainty in the measurement of water 
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2.1.5. Samples preparation: Balance 
The preparation of all the samples involved in the experimental work was carried out by 
weighing. A Mettler AX-205 Delta Range balance with an uncertainty in the measurement 
of ±3·10−4 g and a precision of ±10-5 g was used for the preparation of the samples needed 
to perform the experimental part with ionic liquids, while the preparation of the LTTMs and 
the rest of the samples with these solvents was carried out using a Mettler AX205 balance 
with an uncertainty in the measurement of ±2·10−4 g and a precision of ±10-4 g. 
 
  
Figure 2.1.5.1. Mettler AX-205 
Delta Range balance 
Figure 2.1.5.2. Mettler AX205 
balance  
2.1.6. Gas chromatograph with mass spectrometer (GC-MS) and 
flame ionization (GC-FID) detectors 
The determination of the phase compositions of ternary and quaternary systems in which 
ionic liquids were used as solvents was performed by GC-MS. 
The gas chromatographer used was a HP 5890 Series II with a HP 5971 mass selective 
detector and a HP-5MS ((5% phenyl)-methylpolysiloxane) capillary column (60 m x 0.25 
mm x 0.25 µm). In order to avoid the fouling of the column by the ionic liquid, an injector 
liner (filled with quartz glass) and an empty pre-column were used. A summary of the GC 
program parameters for the analyses of compositions is shown in Table 2.1.6.1. These 




Table 2.1.6.1. GC-MS program parameters for the composition analysis 
Carrier gas 
Helium 
Column flow 1 mL·min-1 
Detector T = 553.15 K 
Injector 
T = 553.15 K 
Injection by splitless 
Injection volume 1 µL 
Oven 
Systems with decane in the mixture: 
T = 343.15 K (8 min)  T = 373.15 K, rate: 55 K·min-1 (7 min)  
 T = 473.15 K, rate: 55 K·min-1 (5 min) 
Systems with dodecane in the mixture: 




Figure 2.1.6.1. HP 5890 Series II with a HP 5971 mass selective detector 
The determination of the phase compositions of ternary systems involving low transition 
temperature mixtures as extraction solvent was performed using GC-FID. 
The gas chromatographer used was a Varian 430 equipped with a flame ionization 
detector and a Varian CP-SIL 5CB (100% dimethylpolysiloxane) capillary column (25 m x 
0.25 mm x 1.2 µm). To avoid the column contamination, the LTTM was collected in an 
empty injector liner which was cleaned with acetone and dried before its use. In Table 
2.1.6.2. the GC program parameters for the analyses of compositions are summarised. 
  
30 
Apparatus and chemicals 
Table 2.1.6.2. GC-FID program parameters for the composition analysis 
Carrier gas 
Helium 
Column flow 2 mL·min-1 
Detector T = 473.15 K 
Injector 
T = 548.15 K 
Injection by split; Split ratio: 250:1 
Injection volume 1 µL 












This section is divided into three subsections: hydrocarbons, ionic liquids and low 
transition temperature mixtures. In the last subsections a study of several physical properties 
of the studied solvents as a function of temperature and the preparation of the low transition 
temperature mixtures are included. 
2.2.1. Hydrocarbons 
The hydrocarbons used in this work were octane, decane and dodecane as aliphatic 
hydrocarbons and benzene, ethylbenzene, toluene, o-xylene, m-xylene and p-xylene as 
aromatic hydrocarbons in the experimental part of the binary, ternary and quaternary systems 
with ionic liquids as solvents (Chapter 4), while the hydrocarbons, hexane and benzene, were 
used in the ternary systems in which the low temperature transition mixtures were the 
solvents (Chapter 5). 
The hydrocarbons used in the systems presented in Chapter 4 were degassed in an 
ultrasonic bath (Schott Ibérica) for at least 2 hours removing the accumulated gas from time 
to time, prior to their use. Then, they were dried over molecular sieves of 3·10-10 m (Sigma-
Aldrich) in order to remove traces of water from the liquids and finally they were kept in 
bottles under inert atmosphere without any further treatment. Moreover, hexane and benzene 
used in the experimental part of the ternary systems presented in Chapter 5 were used without 
further purification.  
The purity of these hydrocarbons was verified by density measurements at T = 298.15 K 
and atmospheric pressure. Experimental densities and those reported in literature1,2 are 
shown in Table 2.2.1.1. 
  
1 Riddick J.A., Bunger W.B., Sakano T.K., 4th Ed., Willey, New York, 1986 
2 Al-Jimaz A.S., Al-Kandry J.A., Abdul-Latif A.M., Al-Zanki A.M., J. Chem. Thermodyn. 37 (2005) 631-642 
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Table 2.2.1.1. Suppliers, purities in mass fraction and densities (ρ) of pure hydrocarbons at                     




ρ / (g·cm-3) 
Exp. Lit. 
Hexane Sigma-Aldrich ≥0.990 0.65519 0.654841 
Octane Merck ≥0.99 0.69886 0.698621  
Decane Merck ≥0.99 0.72615 0.726162 
Dodecane Merck ≥0.99 0.74528 0.745142  
Benzene* VWR ≥0.999 0.87371 0.873601  
Benzene** VWR ≥0.999 0.87357 0.873601  
Ethylbenzene Sigma-Aldrich ≥0.998 0.86251 0.862531  
Toluene VWR ≥0.998 0.86217 0.862191  
o-xylene Sigma-Aldrich ≥0.990 0.87537 0.875941  
m-xylene Sigma-Aldrich ≥0.990 0.85979 0.860011  
p-xylene Fluka ≥0.990 0.85659 0.856611 
*: benzene used in the systems presented in Chapter 4 
**: benzene used in the systems presented in Chapter 5 
 
2.2.2. Ionic liquids (ILs) 
The following ionic liquids supplied by IoLiTec were used for the                                  
experimental liquid-liquid equilibrium determination: 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, [EMim] [NTf2], 1 - hexyl - 3 - methylimidazolium 
bis(trifluoromethylsulfonyl)imide, [HMim] [NTf2], 1 - ethyl - 3 - methypyridinium 
bis(trifluoromethylsulfonyl)imide, [EMpy] [NTf2], 1 - hexyl - 3 - methylimidazolium 
dicyanamide, [HMim] [DCA], 1 - propyl - 3 - methylpyridinium 
bis(trifluoromethylsulfonyl)imide, [PMpy][NTf2], 1 - butyl - 1 - methylpyrrolidinium 
trifluoromethane sulfonate, [BMpyr][TfO], 1 - butyl - 1 - methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide, [BMpyr][NTf2], 1 - butyl - 1 - methylpyrrolidinium 
dicyanamide, [BMpyr][DCA], butyltrimethylammonium bis(trifluoromethylsulfonyl)imide, 
[N4111][NTf2] and tributylmethylammonium bis(trifluoromethylsulfonyl)imide, 
[N4441][NTf2]. The ionic liquid 1-ethyl-3-methylpyridinium ethylsulfate, [EMpy][ESO4], 
1 Riddick J.A., Bunger W.B., Sakano T.K., 4th Ed., Willey, New York, 1986 
2 Al-Jimaz A.S., Al-Kandry J.A., Abdul-Latif A.M., Al-Zanki A.M., J. Chem. Thermodyn. 37 (2005) 631-642 
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was synthetised in the laboratory following the procedure published by González et al.1 and 
the purity of the obtained ionic liquid was confirmed by 1H NMR. The chemical structures 
of the ILs used in this work are presented in Table 2.2.2.1. 
Since the water content plays an important role in the ILs properties and significant 
deviations can be found due to small amounts of water, the ILs were subjected to a 
purification treatment. Prior to their use, the ILs were dried at moderate temperature                
(T = 323.15 K), vacuum (p = 0.2 Pa), and under continuous stirring, for at least 48 hours. 
Once dried, their water content was measured by Karl Fisher titration and were kept in bottles 
under argon gas. Besides, their purity was periodically checked by density measurements at 
T = 298.15 K and atmospheric pressure.  
The molar masses, water contents and densities at T = 298.15 K and atmospheric pressure 
of the pure ILs used in this work are shown in Table 2.2.2.2. together with the density data 
reported in literature. The possible differences between the ρ values obtained in this work 
and those reported in literature can be due to the presence of impurities such as water or 
other volatile compounds in the pure ILs and/or to the different experimental technique used 
for the determination of this physical property. 
  
1 González B., Calvar N., Gómez E., Macedo E.A., Domínguez Á., J. Chem. Eng. Data 53 (2008) 1824-1828 
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Table 2.2.2.2. Molar mass, MIL, water content, ww, and experimental and literature data of density, 




Purity / (mass 
fraction) 
ρ / (g·cm-3)  ww / 
(ppm) Exp. Lit. 
[EMim][[NTf2] 319.31 0.99 1.51874 1.51845 1 80 
[HMim][NTf2] 447.42 0.99 1.37200 1.3721 2 70 
[HMim][DCA] 233.31 0.97 1.02865 1.02847 3 <1350 
[EMpy][NTf2] 402.33 0.99 1.48875 1.48850 3 80 
[PMpy][NTf2] 416.36 0.99 1.44794 1.4475 4 90 
[EMpy][ESO4] 247.32 0.99 1.21961 1.22226 5 <700 
[BMpyr][NTf2] 422.41 0.99 1.39468 1.39549 6 158 
[BMpyr][TfO] 291.33 0.99 1.25213 1.25271 7 72 
[BMpyr][DCA] 208.30 0.98 1.01447 1.013 8 114 
[N4111][NTf2] 396.37 0.99 1.39299 1.39307 9 77 
[N4441][NTf2] 480.53 0.99 1.26165 1.2628 10 68 
 
  
1 Fröba A.P., Kremer H., Leipertz A., J. Phys. Chem. B 112 (2008) 12420-12430 
2 Widegren J.A., Magee J.W., J. Chem. Eng. Data 52 (2007) 2331-2338 
3 Seoane R.G., Corderí S., Gómez E., Calvar N., González E.J., Macedo E.A., Domínguez Á., Ind. Eng. Chem. Res. 51 
(2012) 2492-2504 
4 Oliveira F.S., Freire M.G., Carvalho P.J., Coutinho J.A.P., Lopes J.N.C., Rebelo L.P.N., Marrucho I.M., J. Chem. Eng. 
Data 55 (2010) 4514-4520 
5 González B., Calvar N., Gómez E., Macedo E.A., Domínguez Á., J. Chem. Eng. Data 53 (2008) 1824-1828 
6 Pereiro A.B., Veiga H.I.M., Esperança J.M.S.S., Rodríguez A., J. Chem. Thermodyn. 41 (2009) 1419-1423 
7 González B., Corderí S., Fluid Phase Equilibr. 354 (2013) 89-94 
8 McHale G., Hardacre C., Ge R., Doy N., Allen R.W.K., MacInnes J.M., Bown M.R., Newton M.I., Anal. Chem. 80 (2008) 
5806-5811 
9 Pan Y., Boyd L.E., Kruplak J.F., Cleland Jr. W.E., Wilkes J.S., Hussey C.L., J. Electrochem. Soc. 158 (2011) F1-F9 
10 Bhattacharjee A., Luís A., Santos J.H., Lopes-da-Silva J.A., Freire M.G., Carvalho P.J., Coutinho J.A.P., Fluid Phase 
Equilibr. 381 (2014) 36–45 
36 
                                                          
Apparatus and chemicals 
2.2.2.1. Physical properties as a function of temperature 
The design of more eco-friendly industrial processes as well as new products based on 
ILs can only be achieved with a deep knowledge of their thermophysical properties. This 
knowledge enables the study of their structure-property relationships and of the interactions 
between the ILs with other molecular compounds. Furthermore, these data are relevant for 
modelling purposes as thermodynamic models which are very necessary in the stage of 
process design.  
Therefore, the physical properties density, ρ, refractive index, nD, speed of sound, u, and 
viscosity, η, were experimentally determined at several temperatures and atmospheric 
pressure in order to characterise the ILs used in this work. Since most of the ILs used in this 
work were previously characterised in our group1,2,3, only the physical properties of the two 
ammonium based-ILs are presented in this work. Thus, the experimental data of density, ρ, 
refractive index, nD, speed of sound, u, and viscosity, η, for the ionic liquids [N4111][NTf2] 
and [N4441][NTf2] determined at T = (293.15 to 343.15) K every 5 K and at atmospheric 
pressure are presented in Table 2.2.2.1.1. 
  
1 Seoane R.G., Corderí S., Gómez E., Calvar N., González E.J., Macedo E.A., Domínguez Á., Ind. Eng. Chem. Res. 51 
(2012) 2492-2504 
2 González B., Calvar N., Gómez E., Macedo E.A., Domínguez Á., J. Chem. Eng. Data 53 (2008) 1824-1828 
3 González E.J., González B., Macedo E.A., J. Chem. Eng. Data 58 (2013) 1440-1448 
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Table 2.2.2.1.1. Experimental density, ρ, viscosity, η, refractive index, nD, and speed of sound, u, of 
the ionic liquids [N4111][NTf2] and [N4441][NTf2] at several temperatures and atmospheric pressure 
T / (K) ρ / (g·cm-3) η / (mPa·s) nD u / (m·s-1) 
[N4111][NTf2] 
293.15 1.39745 135 1.40920 1240 
298.15 1.39298 103 1.40783 1230 
303.15 1.38852 80 1.40639 1220 
308.15 1.38409 64.1 1.40501 1210 
313.15 1.37967 51.7 1.40360 1199 
318.15 1.37528 42.42 1.40219 1190 
323.15 1.37091 35.35 1.40083 1180 
328.15 1.36655 29.74 1.39944 1170 
333.15 1.36222 25.37 1.39810 1160 
338.15 1.35790 21.79 1.39672 1151 
343.15 1.35360 18.88 1.39550 1142 
[N4441][NTf2] 
293.15 1.26586 809 1.42752 1281 
298.15 1.26165 541 1.42598 1271 
303.15 1.25746 371 1.42454 1260 
308.15 1.25329 262 1.42291 1248 
313.15 1.24914 191 1.42149 1235 
318.15 1.24496 140 1.41983 1224 
323.15 1.24080 106 1.41843 1211 
328.15 1.23665 82 1.41706 1199 
333.15 1.23252 64.1 1.41566 1186 
338.15 1.22841 51.7 1.41413 1173 
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The following equation was used to fit the values of density, ρ, refractive index, nD, and 
speed of sound, u, with temperature: 
      z = a + b·T            (2.2.2.1.1.) 
where z is the physical property, T is the absolute temperature in K, and a and b are the fitting 
parameters, given in Table 2.2.2.1.2. together with the standard relative deviations, σ, of the 
experimental physical properties data from their fitting calculated according to the following 
equation: 
𝜎𝜎 = �∑ ��(𝑧𝑧 − 𝑧𝑧cal)/𝑧𝑧cal�2 𝑛𝑛dat� �𝑛𝑛dat𝑖𝑖 �1/2               (2.2.2.1.2.) 
where z and zcal are the values of the experimental and calculated property, respectively, and 
ndat is the number of the experimental points. As it can be observed in Table 2.2.2.1.2., the 
low deviations obtained indicate that the linear equation properly fits the experimental data.  
Table 2.2.2.1.2. Fitting parameters of equation 2.2.2.1.1. together with the correlation coefficient 
squared, R2, and the standard relative deviation of the fit, σ, for the density, ρ, refractive index, nD, 
and speed of sound, u, of the ammonium-based ILs 
IL Property a b R2 σ 
[N4111][NTf2] ρ / (g·cm-3) 1.654 -8.78·10-4 0.9999 6.83·10-5 
 nD 1.490 -2.76·10-4 0.9998 4.18·10-5 
 u / (m·s-1) 1819 -1.976 0.9997 4.26·10-4 
[N4441][NTf2] ρ / (g·cm-3) 1.509 -8.31·10-4 0.9999 3.75·10-5 
 nD 1.514 -2.95·10-4 0.9996 6.79·10-5 
 u / (m·s-1) 1985 -2.395 0.9997 5.06·10-4 
 
The viscosity values, η, were fitted using Arrhenius-like law1 and Vogel-Fucher-Tamman 
(VFT) equations2,3,4. The most commonly used equation to correlate the variation of 
viscosity with temperature is the Arrhenius-like law:                       𝜂𝜂 = A · exp �−BR𝑇𝑇� (2.2.2.1.3.) 
1 Andrade E.N., Phil. Mag. 17 (1934) 698-732 
2 Vogel H., Phys. Z. 22 (1921) 645-646 
3 Fulcher G.S., J. Am. Ceram. Soc. 8 (1925) 339-355 
4 Tamman G., Hesse W.Z., Anorg. Allg. Chem. 156 (1926) 245-257 
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where the fitting parameters are A (mPa·s), the viscosity at infinite temperature, B               
(kJ·mol-1), the activation energy and R (8.31 J·mol-1·K-1), the ideal gas constant. 
According to Seddon et al.1, the Arrhenius law can generally be applied when the cation 
presents only a limited symmetry. If this is not the case, and especially in the presence of 
symmetrical cations, Vogel-Fulcher-Tamman (VFT) equation is recommended 2,3,4: 
																						ߟ ൌ A ൉ exp ൬ Bሺܶ െ T଴ሻ൰ 
(2.2.2.1.4.)
where A (mPa·s), B (K) and T0 (K) are the fitting parameters.  
The fitting parameters for both viscosity equations together with the standard relative 
deviations,   (calculated following the equation 2.2.2.1.2.), are presented in Table 2.2.2.1.3. 
From this table it is possible to observe that for the viscosity the best fit is given by the VFT 
equation.  
Table 2.2.2.1.3. Fitting parameters of equation 2.2.2.1.3. and 2.2.2.1.4. together with the standard 
relative deviation of the fit, , for the viscosity, , of the ammonium-based ILs  
IL Equation A B T0  
[N4111][NTf2] Arrhenius 1.90·10-4 -32.663  3.44·10-2 
 VFT 0.1882 772.20 175.63 2.20·10-3 
[N4441][NTf2] Arrhenius 1.66·10-6 -48.411  1.48·10-2 
 VFT 0.0118 1565.92 151.34 1.03·10-2 
 
In Figures 2.2.2.1.1. (a), (b), (c) and (d) the experimental values of density, refractive 
index, speed of sound and viscosity for the studied ammonium based-ILs are represented as 
a function of temperature, together with the corresponding fitting of the experimental data. 
In this way, the influence of temperature and the effect of the alkyl chain length of the cation 
on the physical properties of the ILs can be analysed. 
                                                            
1 Seddon K.R., Starck A.S., Torres M.J., ACS Symposium Series 901. Washington, DC (2004) 
2 Vogel H., Phys. Z. 22 (1921) 645-646 
3 Fulcher G.S., J. Am. Ceram. Soc. 8 (1925) 339-355 
4 Tamman G., Hesse W.Z., Anorg. Allg. Chem. 156 (1926) 245-257 




Figure 2.2.2.1.1. Physical properties as a function of temperature and atmospheric 
pressure (a) density, ρ, (b) refractive index, nD, (c) speed of sound, u, and (d) viscosity, 
, and fitting from the equation 2.2.2.1.1. (―) and fitting with VFT equation (---) of 
the ammonium-based ILs: [N4111][NTf2] () and [N4441][NTf2] () 
As it can be observed in these figures, the density, the refractive index and the speed 
sound of the two studied ionic liquids decrease linearly when the temperature increases. 
Figure 2.2.2.1.1. (d) shows the dynamic viscosity against temperature together with the 
fitting using VFT equation, which is the equation that gave the lower deviation. As it can be 
seen the calculated values are in good agreement with the experimental data, and an increase 
in the temperature leads to an exponential decrease in the viscosity values. This physical 
property is more affected by the temperature than the other studied properties. 
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Regarding the effect of the alkyl chain length of the cation of the ionic liquid on the 
physical properties, an increase in the length of the alkyl chain means a decrease in density 
and an increase in refractive index and speed of sound, as can be observed in Figures 
2.2.2.1.1. (a)-(c). 
The results obtained are in agreement with those previously reported in literature for other 
ionic liquids1,2,3,4,5,6. These works with other ILs families, like imidazolium-, pyridinium- 
and pyrrolidinium-based ILs with [NTf2]- as anion, show the same trend for these properties 
when the temperature increases.  
Similar to refractive index and speed of sound and in contrast to density, viscosity 
increases when the alkyl chain in the cation lengthens, which is in accordance with data 
obtained by other authors1,2,7,8,9,10. 
2.2.2.2. Thermodynamic properties  
The change in the molar volume with the temperature can be expressed through the 
thermal expansion coefficient, αp, sometimes called coefficient of cubical expansion. From 
the experimental density data over the temperature range studied, αp can be calculated using 
the following equation: 
                   𝛼𝛼𝑝𝑝 = − 1𝜌𝜌 �𝜕𝜕𝜌𝜌𝜕𝜕𝑇𝑇�𝑝𝑝 = �𝜕𝜕𝜕𝜕𝑛𝑛𝜌𝜌𝜕𝜕𝑇𝑇 � (2.2.2.2.1.) 
The αp value was obtained from the slope of the representation of ln ρ against 
temperature, being the values obtained αp = 6.38·10-4 K-1 for [N4111][NTf2] and                               
αp =6.68·10-4 K-1 for [N4441][NTf2]. The obtained coefficients of thermal expansion are in 
the same order of magnitude than those reported for other ILs previously investigated, 
1 Seoane R.G., Corderí S., Gómez E., Calvar N., González E.J., Macedo E.A., Domínguez Á., Ind. Eng. Chem. Res. 51 
(2012) 2492-2504 
2 Oliveira F.S., Freire M.G., Carvalho P.J., Coutinho J.A.P., Lopes J.N.C., Rebelo L.P.N., Marrucho I.M., J Chem Eng 
Data 55 (2010) 4514-4520 
3 Gardas R.L., Freire M.G., Carvalho P.J., Marrucho I.M., Fonseca I.M.A., Ferreira A.G.M., Coutinho J.A.P., J. Chem. 
Eng. Data 52 (2007) 1881-1888 
4 Gardas R.L., Costa H.F., Freire M.G., Carvalho P.J., Marrucho I.M., Fonseca I.M.A., Ferreira A.G.M., Coutinho J.A.P., 
J. Chem. Eng. Data 53 (2008) 805-811 
5 Kolbeck C., Lehmann J., Lovelock K.R.J., Cremer T., Paape N., Wasserscheid P., Fröba A.P., Maier F., Steinrück H.-J., 
J. Phys. Chem. B 114 (2010) 17025-17036 
6 Tariq M., Forte P.A.S., Gomes M.F.C., Lopes J.N.C., Rebelo L.P.N., J. Chem. Thermodyn. 41 (2009) 790-798 
7 Bonhonte P., Dias A.P., Papageorgiou N., Kalyanasundaram K., Gratzel M., Inorg. Chem. 35 (1996) 1168-1178 
8 Yoshida Y., Baba O., Saito G., J. Phys. Chem. B 111 (2007) 4742-4749 
9 Tokuda H., Hayamizu K., Kunikazu I., Susan M.A.B.H., Watanabe M., J. Phys. Chem. B 109 (2005) 6103-6110 
10 Jacquemin J., Husson P., Pafua A.A.H., Majer V., Green Chem. 8 (2006) 172-180 
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suggesting a thermal behaviour practically independent of the ionic nature1,2,3. Moreover, 
these values are considerably lower than those for molecular organic solvents and higher 
than those for classical molten salts4.  
 
2.2.2.3. Comparison with literature 
In this section, a comparison between the experimental data with those found in literature 
for the ILs [N4111][[NTf2] and [N4441][NTf2] was performed.  
The relative deviations between the density data calculated from equation 2.2.2.1.1. with 
our experimental data and those available in literature are displayed in Figure 2.2.2.3.1. The 
density data of both ammonium-based ILs are in good agreement with those reported in 
literature, being the range of the maximum deviation from ±0.02 to 1.44%. 
The densities of the ionic liquid [N4441][NTf2] were compared with the data reported by 
Bhattacharjee et al.5, Chen et al.6 and Anthony et al.7, with maximum deviations lower than 
±0.12%, ±0.39% and ±1.04%, respectively. The data from Anthony et al.7 present the highest 
deviation, which seems to be related with the high water content of the ionic liquid used, 
since it was synthesised by them and dried at T = 70ºC under vacuum with a yield of 88%.  
1 Seoane R.G., Corderí S., Gómez E., Calvar N., González E.J., Macedo E.A., Domínguez Á., Ind. Eng. Chem. Res. 51 
(2012) 2492-2504 
2 Pereiro A.B., Vega H.I.M., Esperança J.M.S.S., Rodríguez A., J. Chem. Thermodyn. 41 (2009) 1419-1423 
3 Machanová K., Boisset A., Sedláková Z., Anouti M., Bendová M., Jacquemin J., J. Chem. Eng. Data 57 (2012) 2227–
2235 
4 Linstrom P.J., Mallard W.G. (Eds.), NIST Chemistry WebBook, NIST Standard Reference Database Number 69, National 
Institute of Standards and Technology, Gaithersburg MD, 2014 
5 Bhattacharjee A., Luís A., Santos J.H., Lopes-da-Silva J.A., Freire M.G., Carvalho P.J., Coutinho J.A.P., Fluid Phase 
Equilibr. 381 (2014) 36–45 
6 Chen P.-Y., Hussey C.L., Electrochim. Acta 49 (2004) 5125-5138 
7 Anthony J.L., Anderson J.L., Maginn E.J., Brennecke J.F., J. Phys. Chem. B 109 (2005) 6366-6374 
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Figure 2.2.2.3.1. Standard relative deviations for the density data from equation 2.2.2.1.1. for 
[N4111][NTf2]: () this work, () Jacquemin et al.1, () Pan et al.2, () Tokuda et al.3, () 
Jacquemin et al.4, () Wandschneider et al.5, () McFarlane et al.6, ( ) Bhattacharjee et al.7, () 
Kilaru et al.8, () Deng et al.9; and for [N4441][NTf2]: ( ) this work, ( ) Bhattacharjee et al.7, () 
Chen et al.10, () and Anthony et al.11 
On the other hand, the maximum deviations obtained for the density data of the ionic 
liquid [N4111][NTf2] reported by Jacquemin et al.1, Pan et al.2, Tokuda et al.3, Jacquemin et 
al.4, Wandschneider et al.5, McFarlane et al.6, Bhattacharjee et al.7, Kilaru et al.8 and Deng 
et al.9 are ±0.09, ±0.02, ±0.06, ±0.16, ±0.08, ±0.91, ±0.13, ±1.44 and ±0.07%, respectively. 
The highest deviation is found for the data reported from Kilaru et al.8; this difference can 
be due to the high water content of the ionic liquid [N4111][NTf2] used in that work                         
(ww = 1080 ppm). 
In Figure 2.2.2.3.2. deviations of experimental and literature viscosity of both 
ammonium-based ILs from the values obtained in the fitting are plotted. The fitting with the 
1 Jacquemin J., Husson P., Padua A.A.H., Majer V., Green Chem. 8 (2006) 172-180 
2 Pan H.Y., Boyd L.E., Kruplak J.F., Cleland W.E., Wilkes J.S., Hussey C.L., J. Electrochem. Soc. 158 (2011) F1-F9 
3 Tokuda H., Tsuzuki S., Susan M.A.B.H., Hayamizu K., Watanabe M., J. Phys. Chem. B 110 (2006) 19593-19600 
4 Jacquemin J., Husson P., Majer V., Costa Gomes M.F., J. Sol. Chem. 36 (2007) 967-979 
5 Wandschneider A., Lehmann J.K., Heintz A., J. Chem. Eng. Data 53 (2008) 596-599 
6 McFarlane D.R., Sun J., Golding J., Meakin P., Forsyth M., Electrochim. Acta 45 (2000) 1271–1278 
7 Bhattacharjee A., Luís A., Santos J.H., Lopes-da-Silva J.A., Freire M.G., Carvalho P.J., Coutinho J.A.P., Fluid Phase 
Equilibr. 381 (2014) 36–45 
8 Kilaru P., Baker G.A., Scovazzo P., J. Chem. Eng. Data 52 (2007) 2306-2314 
9 Deng Y., Husson P., Delort A.-M., Besse-Hoggan P., Sancelme M., Costa Gomes M.F., J. Chem. Eng. Data 56 (2011) 
4194-4202 
10 Chen P.-Y., Hussey C.L., Electrochim. Acta 49 (2004) 5125-5138 
11 Anthony J.L., Anderson J.L., Maginn E.J., Brennecke J.F., J. Phys. Chem. B 109 (2005) 6366-6374 
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VFT equation was used for this comparison since it is the equation that showed the lower 
deviation.  
  
Figure 2.2.2.3.2. Standard relative deviations for the viscosity data from equation 2.2.2.1.4. for 
[N4111][NTf2]: () this work, () Jacquemin et al.1, () Tokuda et al.2, ( ) Bhattacharjee et al.3, 
() Deng et al. 4; and for [N4441][NTf2]: ( ) this work, ( ) Bhattacharjee et al.3, () Chen et al.5, 
() and Funston et al.6 
The measurement of viscosity is highly sensitive to the presence of impurities, especially 
water, and therefore larger deviations for literature data were observed since a small change 
in the water content of an ionic liquid implies an important change in its viscosity7,8. As it 
can be observed, the viscosity data of [N4441][NTf2] are in agreement with those reported by 
Bhattacharjee et al.3, Chen et al.5 and Funston et al.6, since the maximum differences from 
the VFT fitting are of ±12, ±9 and ±8%, respectively. The highest differences are observed 
at T = 293.15 K for the three reported works.  
 
1 Jacquemin J., Husson P., Padua A.A.H., Majer V., Green Chem. 8 (2006) 172-180 
2 Tokuda H., Tsuzuki S., Susan M.A.B.H., Hayamizu K., Watanabe M., J. Phys. Chem. B 110 (2006) 19593-19600 
3 Bhattacharjee A., Luís A., Santos J.H., Lopes-da-Silva J.A., Freire M.G. , Carvalho P.J., Coutinho J.A.P., Fluid Phase 
Equilibr. 381 (2014) 36–45 
4 Deng Y., Husson P., Delort A.-M., Besse-Hoggan P., Sancelme M., Costa Gomes M.F., J. Chem. Eng. Data 56 (2011) 
4194-4202 
5 Chen P.-Y., Hussey C.L., Electrochim. Acta 49 (2004) 5125-5138 
6 Funston A.M., Fadeeva T.A., Wishart J.F., Castner E.W., J. Phys. Chem. B 111 (2007) 4963-4977  
7 Seddon K.R., Stark A., Torres M.J., Pure Appl. Chem. 72 (2000) 2275-2287 
8 Huddleston J.G., Visser A.E., Reichert W.M., Willauer H.D., Broker G.A., Rogers R.D., Green Chem. 3 (2001) 156-164 
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Furthermore, the comparison of the viscosity data for the ionic liquid [N4111][NTf2] was 
performed with the data reported by Jacquemin et al.1, Tokuda et al.2, Bhattacharjee et al.3 
and Deng et al.4, being the maximum differences found ±10, ±5, ±3 and ±14%, respectively.  
In addition, a comparison between the values of refractive index calculated from equation 
2.2.2.1.1. and those found in literature was performed, as it is displayed in Figure 2.2.2.3.3. 
The experimental refractive indices are in excellent agreement with the data reported by 
Bhattacharjee et al.3, since the maximum deviations obtained were of ±0.04 and ±0.06% for 
[N4441][NTf2] and [N4111][NTf2], respectively.  
 
Figure 2.2.2.3.3. Standard relative deviations the refractive index data from equation 2.2.2.1.1. for 
[N4111][NTf2]: () this work, ( ) Bhattacharjee et al.3, and for [N4441][NTf2]: ( ) this work, ( ) 
Bhattacharjee et al.3 
  
1 Jacquemin J., Husson P., Padua A.A.H., Majer V., Green Chem. 8 (2006) 172-180 
2 Tokuda H., Tsuzuki S., Susan M.A.B.H., Hayamizu K., Watanabe M., J. Phys. Chem. B 110 (2006) 19593-19600 
3 Bhattacharjee A., Luís A., Santos J.H., Lopes-da-Silva J.A., Freire M.G., Carvalho P.J., Coutinho J.A.P., Fluid Phase 
Equilibr. 381 (2014) 36–45 
4 Deng Y., Husson P., Delort A.-M., Besse-Hoggan P., Sancelme M., Costa Gomes M.F., J. Chem. Eng. Data 56 (2011) 
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2.2.3. Low transition temperature mixtures (LTTMs) 
The low transition temperature mixtures used in this work were tetrahexylammonium 
bromide : ethylene glycol in molar ratio (1:2), N6666Br:EG (1:2), and tetrahexylammonium 
bromide : glycerol in molar ratio (1:2), N6666Br:Gly (1:2), which were prepared in the 
laboratory. In Table 2.2.3.1. the molecular structure of both LTTMs is presented. 








tetrahexylammonium bromide ethylene glycol 




tetrahexylammonium bromide glycerol 
 
2.2.3.1. LTTMs preparation 
For the preparation of both LTTMs, tetrahexylammonium bromide as hydrogen bond 
donor (HBD) (supplied by Acros Organics) and ethylene glycol and glycerol as hydrogen 
bond accepters (HBA) (supplied by Merck) were used. All these compounds presented 
purities greater than 0.99 in mass fraction and were used without any further treatment. 
The LTTMs were prepared by mixing one HBD with one HBA in the solid state in a 
closed flask; the mixture was stirred using a magnetic stirrer into a heating thermostatic oil 
bath at T = 333.15 K with a temperature controller (IKA ETS-D5) with an uncertainty in the 
measurement of ±0.1 K in order to ensure the homogeneous mixture between both 
compounds (precursors). The selected temperature depends on the stability and melting point 
of the HBD and HBAs. Once a clear and transparent liquid was formed without the presence 
of solid particles, the mixture was cooled until room temperature and the water content was 















at T = 298.15 K and atmospheric pressure of the prepared LTTMs are shown in Table 
2.2.3.1.1. 
Table 2.2.3.1.1. Molar mas, MLTTM, water content, ww, and experimental density, ρ, at T = 298.15 K 
and atmospheric pressure 
LTTM MLTTM / (g·mol-1) ρ / (g·cm-3) ww / (ppm) 
N6666Br:EG (1:2) 186.24 1.0045 1010 
N6666Br:Gly (1:2) 206.25 1.0426 820 
 
2.2.3.2. Physical properties as a function of temperature 
In the same way that the ILs were characterised by determining their thermophysical 
properties, the LTTMs used in the ternary systems presented in Chapter 5 were characterised 
through the measurement of their density and viscosity at several temperatures and 
atmospheric pressure. Table 2.2.3.2.1. lists the experimental data of density, ρ, and viscosity, 
η, at atmospheric pressure from T = (293.15 to 343.15) K. 
Table 2.2.3.2.1. Experimental density, ρ, and viscosity, η, of the low transition temperature mixtures 
N666 6Br:EG (1:2) and N666 6Br:Gly (1:2) at several temperatures and atmospheric pressure 
N6666Br: EG (1:2)  N6666Br: Gly (1:2) 
T / (K) ρ / (g·cm-3) η / (mPa·s)  T / (K) ρ / (g·cm-3) η / (mPa·s) 
293.15 1.0078 229.47  293.15 1.0458 1197.20 
298.15 1.0045 172.24  298.15 1.0426 813.30 
303.15 1.0013 131.85  303.15 1.0393 566.59 
308.15 0.9983 102.37  308.15 1.0360 401.56 
313.15 0.9951 80.68  313.15 1.0327 290.65 
318.15 0.9919 64.40  318.15 1.0295 215.06 
323.15 0.9886 52.08  323.15 1.0263 162.46 
328.15 0.9854 42.60  328.15 1.0231 125.11 
333.15 0.9822 35.09  333.15 1.0200 97.87 
338.15 0.9789 29.30  338.15 1.0168 77.73 
343.15 0.9757 24.71  343.15 1.0137 62.61 
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The dependence of density with temperature can be expressed through the linear equation 
2.2.2.1.1. described in the previous section. The fitting parameters obtained for the density 
together with the corresponding standard relative deviations, σ, of the experimental data 
from their fitting calculated following the equation 2.2.2.1.2. are presented in Table 
2.2.3.2.2. 
Table 2.2.3.2.2. Fitting parameters of equation 2.2.2.1.1. together with the correlation coefficient 
squared, R2, and the standard relative deviation of the fit, σ, for the density, ρ, of the low transition 
temperature mixtures N6666Br:EG (1:2) and N6666Br:Gly (1:2) 
LTTM a b R2 σ 
N6666Br:EG (1:2) 1.196 -6.41·10-4 0.9999 7.83·10-5 
N6666Br:Gly (1:2) 1.234 -6.43·10-4 0.9999 1.27·10-4 
 
Moreover, the viscosity values were fitted using the Arrhenius like-law and Vogel-
Fulcher-Tamman equations (equations 2.2.2.1.3. and 2.2.2.1.4.) which were also described 
in the previous section. The fitting parameters for both equations as well as the 
corresponding standard relative deviations are shown in Table 2.2.3.2.3. 
Table 2.2.3.2.3. Fitting parameters of equation 2.2.2.1.3. and 2.2.2.1.4. together with the standard 
relative deviation of the fit, σ, for the viscosity, η, of the low transition temperature mixtures 
N6666Br:EG (1:2) and N6666Br:Gly (1:2) 
LTTM Equation A B T0 σ 
N6666Br:EG (1:2) 
Arrhenius 3.87·10-5 -37.966  9.45·10-3 
VFT 0.0254 1404.8 138.92 8.87·10-4 
N6666Br:Gly (1:2) 
Arrhenius 1.96·10-6 -49.079  4.49·10-2 
VFT 0.031 1366.2 164.22 4.11·10-3 
The low deviations obtained for the fit of density indicate that the linear equation properly 
fits the experimental data. Regarding the fit of the viscosity data, the lowest deviations were 
obtained with the VFT equation, in a similar way to the viscosity of the ILs.  
The experimental values of density and viscosity for the studied LTTMs as a function of 




of the temperature and the role of the change of the hydrogen bond accepter (HBA) in the 
low transition temperature mixtures on the physical properties can be studied. 
 
Figure 2.2.3.2.1. Physical properties as a function of temperature (a) density, ρ, and (b) viscosity, 
, and fitting from the equation 2.2.2.1.1. (―) and fitting with VFT equation (---) of the low 
transition temperature mixtures (1:2) () N6666Br:EG (1:2) and () N6666Br:Gly (1:2) 
In the study of the influence of temperature on the studied physical properties, similar to 
what was observed for the ionic liquids, the density linearly decreases when the temperature 
increases and the viscosity markedly decreases with the temperature increase.  
Regarding the change of the HBD in the LTTMs, the low transition temperature mixture 
involving glycerol as HBD shows higher values of density and viscosity in the whole range 
of the studied temperatures.  
 
2.2.3.3. Thermodynamic properties  
From the experimental density data the thermal expansion coefficient, p, can be 
calculated just as it was done for ionic liquids. Following the equation 2.2.2.1.2., p was 
calculated over the temperature range studied for both LTTMs being the obtained values:              
p = (6.46·10-4 and 6.24·10-4) K-1 for N6666Br:EG (1:2) and N6666Br:Gly (1:2), respectively.  
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The obtained coefficient of thermal expansion are in the same order of magnitude,                  
(5 to 7)·10-4 K-1, than those obtained for the ILs, which suggests a thermal behaviour 
practically independent of the nature of the solvent1,2. 




1 Seoane R.G., Corderí S., Gómez E., Calvar N., González E.J., Macedo E.A., Domínguez Á., Ind. Eng. Chem. Res. 51 
(2012) 2492-2504 
2 Pereiro A.B., Veiga H.I.M., Esperança J.M.S.S., Rodríguez A., J. Chem. Thermodyn. 41 (2009) 1419-1423 
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3. Liquid-liquid extraction 
The knowledge of basic thermodynamics concepts is essential for the design, operation 
and optimization of processes in chemical engineering. Separation processes is one of the 
cornerstones of chemical engineering since these processes account for 70-90% of the 
energy consumption and operating costs in the petrochemical and chemical industry. Thus, 
it is essential to optimise the operating parameters, and for this ending the knowledge of the 
thermodynamics of the process and of the phase equilibrium is required. 
Therefore, a brief outline of the thermodynamics about the liquid-liquid extraction 
process and the liquid-liquid equilibrium is presented in this section.  
Liquid-liquid extraction is a widespread separation technique with applications in 
petroleum, hydrometallurgical, pharmaceutical, and nuclear industries.  
This separation technique also called solvent extraction, consists of the separation of one 
or more components of a solution by taking advantage of an unequal distribution of the 
components between two immiscible liquid phases. This process is carried out by intimately 
mixing two immiscible phases which allows the selective transfer of the dissolved 
component (solute) from its diluent to the second liquid phase. The solution containing the 
component to be separated is termed feed solution and the second immiscible liquid is called 
extraction solvent, which has a high affinity for some specific components of the feed.  
The transfer of solute from the feed solution into the extraction solvent phase is referred 
to as extraction, the solvent that is enriched in solute is called extract and the feed solution 
that is depleted in solute is termed raffinate.  
The aim of the extraction is to divide the original solution into extract and raffinate, being 
the added solvent separation fundamental. Therefore, the simple and economic recovery of 
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the solvent from both the extract and the raffinate phases is needed. The solvent recovery is 
usually carried out by distillation, evaporation or salification. 
The extraction process consists in one or more stages in which a good contact between 
the feed solution and the solvent and a quick separation after their mixing occurs; and as a 
final stage of the process, a solvent recovery is required. Each stage is called ideal or 
theoretical when the phases contact has been intimate enough to have concentrations 
corresponding to the equilibrium conditions in the separated phases1. 
The equilibrium in extraction can be characterised by the values of the solute distribution 
ratio, β, and the selectivity, S, which are known as extraction parameters. These parameters 
are extensively used in assessing the solvent feasibility in the liquid-liquid extraction, and 
are calculated from the experimental LLE data as follows: 
𝛽𝛽 = 𝑥𝑥soluteextract
𝑥𝑥solute
raffinate �  (3.1.1.) 
  𝑆𝑆 = �𝑥𝑥diluentraffinate · 𝑥𝑥solute extract
𝑥𝑥diluent
extract · 𝑥𝑥soluteraffinate � � (3.1.2.) 
The solute distribution ratio is related to the amount of solvent required for the extraction 
process and to the capacity of the solvent to extract the solute of interest while the selectivity 
evaluates the efficiency of the solvent used and indicates the ease of extraction of a solute 
from the diluent.  
Additionally, the requirements to be a suitable extraction solvent2 are: 
• High solubility of the solute in the solvent which means in high solute distribution 
ratio. 
• No or low solubility of the diluent in the solvent that leads to a high selectivity. 
• Simple recovery of the solvent from both the extract and the raffinate phase. 
• Fast mass transport from the feed phase to the solvent phase which is determined by 
physical properties of the solvent, such as density and viscosity. 
 
1 Ocon García J., Tojo Barreiro G., Problema de Ingeniería Química, Operaciones básicas, Aguilar, Madrid, 1978 
2 Meindersma G.W., Podt A., de Haan A.B., Fuel Process. Technol. 87 (2005) 59-70 
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High values of these parameters indicate a good degree of removal of the solute from the 
extraction solvent achieved with a small amount of solvent. Theoretically, a higher 
selectivity corresponds to fewer stages for a given separation and less residual diluent in the 
extract; and a higher solute distribution coefficient means a smaller equipment dimensions 
and lower operating costs.  
 
3.1. Theoretical study 
3.1.1. Condition of equilibrium 
An important concept in thermodynamics is the equilibrium state. Thermodynamics 
provides an useful tool to know how to characterise the equilibrium state and, especially, to 
know the minimum number of properties of a system in equilibrium to be specified to 
properly define the equilibrium state1,2.  
The most important of the equilibrium criteria is that the total Gibbs energy is minimum 
for an equilibrium in a closed, multicomponent and heterogeneous system at constant 
temperature, T, and pressure, P. In other words, the minimum equilibrium condition is that 
any infinitesimal variation of the composition at constant T and P does not result in changes 
in the total Gibbs free energy of the system, being mathematically: 
  (𝑑𝑑𝑑𝑑)𝑇𝑇,𝑃𝑃 = 0     (3.1.1.1.) 
In order to estimate the thermodynamics properties of real mixtures, the equilibrium state 
is defined using intensive properties such as temperature, T, pressure, P, and the chemical 
potential, µi, which is the equivalent property of the (partial molar) Gibbs free energy, 𝑑𝑑𝚤𝚤� . 
According to the Gibbs phase rule for a single-component system, the equilibrium state 
of a single-phase, one-component system is completely fixed by the specification of two 
independent, intensive variables or in other words, it has two degrees of freedom. Therefore, 
the thermodynamic equilibrium state of a closed and heterogeneous system comprised of M 
phases and N components is determined when equality in the temperature, pressure and 
chemical potential in all the phases present is reached.  
1 Sandler S.I., Chemical and Engineering Thermodynamics, 3rd edition, John Wiley & Sons, Inc. New York, 1999 
2 Smith J.M., Van Ness H.C., Abbott M.M., Introduction to Chemical Engineering Thermodynamics, 7th edition, McGraw 
Hill, Chemical Engineering Series, New York, 2005 
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𝑇𝑇I = 𝑇𝑇II = ⋯ = 𝑇𝑇M     (3.1.1.2) 
𝑃𝑃I = 𝑃𝑃II = ⋯ = 𝑃𝑃M     (3.1.1.3) 
    𝜇𝜇iI = 𝜇𝜇iII = ⋯ = 𝜇𝜇iM      (i = 1, 2, … , N)   (3.1.1.4) 
where the superscripts and subscripts refer to the phase and component, respectively. These 
equations provide the basic criteria of phase equilibrium. It should be noted that a system 
without chemical reactions is assumed since, as it has been commented above the liquid-
liquid extraction consists of transferring one or more compounds in a feed solution to another 
immiscible liquid without any chemical reactions. Therefore, the number of degrees of 
freedom, F, of a closed and heterogeneous system of M phases and N components is given 
by the following equation: 
𝐹𝐹 = N − M + 2    (3.1.1.5.) 
where F is the number of degrees of freedom, N the number of components and M the 
number of phases of the system. Thus, F is the number of the independent variables of the 
individual phases completely fixes the thermodynamic state of each of the phases. This 
results is known as Gibbs phase rule.  
In this work, the liquid-liquid equilibria of systems of two, three and four components are 
investigated; for the binary systems the temperature and the composition of the component, 
xi, are required for the ternary systems the T, P and x1 and for quaternary systems the 
intensive variables needed are T, P, and the composition of two components1, xi and xj. 
However, the thermodynamic description of the equilibrium state is rarely found in terms 
of chemical potential. Normally, it is expressed in terms of some thermodynamic function, 
related to experimentally measurable magnitudes, such as the fugacity. Therefore, the 
chemical potential of the component i in a phase M, 𝜇𝜇𝑖𝑖M, can be expressed in terms of fugacity 
by the following equation:  
 𝜇𝜇𝑖𝑖M = 𝜇𝜇𝑖𝑖0 + R𝑇𝑇 𝑙𝑙𝑙𝑙 (𝑓𝑓iM 𝑃𝑃)⁄     (3.1.1.6.) 
1 Walas S.M., Phase Equilibria in Chemical Engineering, Butterworth, Stoneham, Mass., 1985 
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where 𝜇𝜇𝑖𝑖0is the reference chemical potential of component i, R is the universal gas constant, 
T is the absolute temperature, 𝑓𝑓iM is the fugacity of the component i in a phase M and has 
units of pressure and P is the absolute pressure. 
The fugacity function is useful in phase equilibrium calculations. As it has been 
commented above, the equilibrium criteria are defined by the equations 3.1.1.2 and 3.1.1.3. 
and using the equality given for equation 3.1.1.4. the following equation in terms of fugacity 
is deduced: 
𝑓𝑓i
I = 𝑓𝑓iII = ⋯ = 𝑓𝑓iM      (i = 1, 2, … , N)   (3.1.1.7) 
It is also possible to express this equality in terms of fugacity coefficient, 𝜙𝜙i𝑚𝑚, which is 





Accordingly, the criterion of equilibrium for a system consisting of two liquid phases, 
with the restriction that the temperature and pressure are constant and equal in both phases 
can be expressed as: 
𝑓𝑓i
I = 𝑓𝑓iII      (i = 1, 2, … , N)    (3.1.1.9.) 
where 𝑓𝑓iI and 𝑓𝑓iII are the fugacity of component i in the liquid phases I and II, respectively, 
and N is the number of components in the system. The same equality can be defined in terms 
of the fugacity in a completely analogous way. 
A common thermodynamic notation for real liquid mixtures (not describable by an 
equation of state) is to define the activity coefficient, 𝛾𝛾𝑖𝑖, which is a function of temperature, 
pressure, and composition, by the equation: 
𝑓𝑓i
I = 𝑓𝑓i0𝑥𝑥iI𝛾𝛾iI               (3.1.1.10.) 
where 𝑓𝑓iI is the fugacity of the component i in the liquid phase I, 𝑓𝑓𝑖𝑖0 is the reference fugacity 
of the component i, 𝑥𝑥iI is the mole fraction of the component i in the liquid phase I, and 𝛾𝛾iI is 
the activity coefficient of the component i in the liquid phase I. The activity coefficient gives 
an idea of the deviation from ideal behaviour of a real liquid mixture and it is directly related 
to the excess molar Gibbs free energy by the equation: 
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   Δ𝑑𝑑E = 𝑅𝑅𝑇𝑇∑ niNi=1 𝑙𝑙𝑙𝑙𝛾𝛾𝑖𝑖                         (3.1.1.11.) 
Therefore, taking into account all the above mentioned, for the calculation of liquid-liquid 
equilibrium of a system comprising of two phases (I, II) and N components at constant 
temperature and pressure, for every component i, the criterion of equilibrium1 is: 
𝑥𝑥i
I𝛾𝛾i
I = 𝑥𝑥iII𝛾𝛾iII               (3.1.1.12.) 
where x and γ are the mole fraction and activity coefficient of component i, respectively, in 
the liquid phases I and II, respectively.  
The problem that arises is to find equations that represent the activity coefficients as a 
function of composition and temperature. To resolve this dilemma, different thermodynamic 
models, theoretical or semiempirical, have emerged in the last years to calculate the activity 
coefficients of liquid mixtures. 
 
3.1.2. Thermodynamic models 
The correlation models for experimental LLE data are very helpful in the field of chemical 
engineering since these models allow to describe the behaviour of systems and ultimately to 
simulate processes from a relatively small number of experimental data. 
Thermodynamic models have been widely used for the correlation of the LLE data. These 
models are composed by equations of state (EOSs) or based on the calculation of the excess 
Gibbs energy or the activity coefficients, and they can be used to interpolate as well as to 
extrapolate new LLE data. The first models developed only considered interactions between 
molecules (enthalpic term of the Gibbs equation) and assumed a perfect random distribution 
(SE = 0). These models express the free Gibbs energy as a function of the composition and 
the adjustment parameters. The equations based on these assumptions are, among others, 
Van Laar2 and Redlich and Kister3.  
The first model of series of semi-empirical equations based on the concept of local 
composition was the Wilson's equation4. This equation takes into account the effect of the 
differences in size and attractive forces of the molecules, and it assumes that the 
1 Prausnitz J.M., Tavares F.W., AlChE J. 50 (2004) 739-761 
2 Van Laar J.J.Z., Phys. Chem. 72 (1910) 723-751 
3 Redlich O., Kister A.T., Ind. Eng. Chem. 40 (1948) 345-348 
4 Wilson G.M., Amer. Chem. Soc. 86 (1964) 127-130 
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concentration of molecules type A around molecules type B is not the same as vice versa. 
Hence, the total composition of the mixture would not be completely homogeneous as it is 
suggested by the classical concept of global composition. This is a very simple equation, 
with only two parameters, and it has received wide acceptance due to its ability to correlate 
not ideal miscible systems. In a later update, a third parameter was added to the equation in 
order to apply it to systems in which the liquid phase is composed of two immiscible liquids, 
but the resulting equation does not give good results in multicomponent systems.  
Thus, the research into new tools that could correlate these systems was boosted. In this 
way, Non-random Two-liquid (NRTL)1 and UNIversal QUAsiCheemical (UNIQUAC)2 
equations emerged, among others. These equations maintain the simplicity of the Wilson’s 
equation and allow to work with multicomponent mixtures of immiscible liquids. All these 
models require an optimisation procedure for determining the parameters which correlate 
the experimental data set. The NRTL and UNIQUAC models have been extensively used 
for about thirty years, largely (but not totally) replacing the equations of van Laar, and 
Wilson. 
In this thesis, all the studied liquid-liquid equilibrium were correlated using the NRTL 
model, thus, the theory and equations of NRTL model of this thermodynamic model are 
presented below. 
3.1.2.1. Non-Random Two-Liquid thermodynamic model 
From the Scott model3 of two fluids and based on the Wilson´s equation4 of local 
composition, Renon and Prausnitz2 postulated the NRTL model that accepts the non-
randomness of the distribution of molecules in a solution, i.e., accepts that they are ‘semi-
ordered’. At a macroscopic level, the critical properties are calculated in the same way. 
The NRTL model introduces the non-randomness parameter, αij, which is intended to 
account for the non-random distribution of type i molecules in solution relative to type j 
molecules. In case αij = 0, a completely random mixture is considered. This parameter is 
considered to be independent of temperature. When this model is applied, the authors suggest 
values of αij from 0.2 to 0.47, depending on the type of compounds present in the mixture. 
1 Renon H., Prausnitz J.M., AlChE J. 14 (1968) 135-144 
2 Abrams D.S., Prausnitz J.M., AlChE J. 21 (1975) 116-128 
3 Scott R.L., J. Chem. Phys. 25 (1956) 193-205 
4 Wilson G.M., Amer. Chem. Soc. 86 (1964) 127-130 
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However, in this work, αij has been considered an adjustable parameter, without physical 
meaning, and it was set to different values between 0.05 and 0.50 during calculations until 
the best fit was obtained. 
The corresponding expressions for the liquid-phase activity coefficients with the NRTL 
model for a system of N components are: 
where: 
𝑑𝑑ji = exp �−αji · 𝜏𝜏ji�         αji = αij   (3.1.2.2.) 
𝜏𝜏ij = 𝑔𝑔ij − 𝑔𝑔jj𝑅𝑅𝑇𝑇 = ∆𝑔𝑔ij𝑅𝑅𝑇𝑇  , 𝜏𝜏ji = 𝑔𝑔ji − 𝑔𝑔ii𝑅𝑅𝑇𝑇 = ∆𝑔𝑔ji𝑅𝑅𝑇𝑇  (3.1.2.3.) 
where x represents the mole fraction, 𝑔𝑔ji is an energy parameter that characterizes the 
interaction of species i, j and k, obtained by fitting the experimental data, R is the ideal gas 
constant, T is the absolute temperature.  
 
3.1.3. LLE correlation 
Nowadays, there are many authors who use the NRTL model to correlate LLE data of 
systems containing ionic liquids (ILs) and low transition temperature mixtures (LTTMs) as 
solvents. Despite being a model initially developed for nonelectrolyte solutions, this model 
has demonstrated a good ability to correlate the LLE for systems with ILs and 
LTTMs1,2,3,4,5,6 with satisfactory results.  
1 Domańska U., Pobudkowska A., Krolikowski M., Fluid Phase Equilibr. 259 (2007) 173-179 
2 Mokhtarani B., Musavi J., Parvini M., Mafi M., Sharifi A., Mirzaei M., Fluid Phase Equilibr. 341 (2013) 35-41 
3 Fandary M.S., Alkhaldi K.H.A.E., Al-Jimaz A.S., Al-Rashed M.H., AlTuwaim M.S., J. Chem. Thermodyn. 54 (2012) 
322-329 
4 Aznar M., Braz. J. Chem. Eng. 24 (2007) 143-149 
5 Kareem M.A., Mjalli F.S., Hashima M.A., Hadj-Kali M.K.O., Bagh F.S.G., Alnashef I.M., Fluid Phase Equilibr. 333 
(2010) 47-54 
6 Hizaddin H.F., Sarwono M., Hashim M.A., Alnashef I.M., Hadj-Kali M.K., J. Chem. Thermodyn. 84 (2015) 67–75 
ln 𝛾𝛾𝑖𝑖 = �∑ 𝑥𝑥j𝜏𝜏ji𝑑𝑑jiNj=1∑ 𝑥𝑥k𝑑𝑑kiNk=1 � + �� 𝑥𝑥j𝑑𝑑ij∑ 𝑥𝑥k𝑑𝑑kjNk=1 �Nj=1 · �𝜏𝜏𝑖𝑖𝑖𝑖 − ∑ 𝑥𝑥k𝜏𝜏kjNk=1 𝑑𝑑kj∑ 𝑥𝑥kNk=1 𝑑𝑑kj � (3.1.2.1.) 
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In this work, all the studied binary, ternary and quaternary systems were correlated with 
the NRTL model. The fitting parameters in the correlation of the binary, ternary and 
quaternary systems are considered independent of the temperature and they are defined 
according to the equation 3.1.2.3. The fitting parameters were obtained by minimising the 
following objective function: 








i=1    (3.1.3.1.) 
where: 
𝛽𝛽ij = 𝑥𝑥ijII 𝑥𝑥ijI�      (3.1.3.2.) 
and where βij is the solute distribution ratio of component j for the tie-line i, being j = 1 for 
the binary systems, j = 1, or 2 for the ternary systems and j = 1, 2, or 3 for the quaternary 
systems, x represents the mole fraction, and the superscripts I and II indicate the raffinate 
and extract phase, respectively. Moreover, the superscripts cal and exp denote the calculated 
and experimental values, respectively, and M and N are the number of tie-lines and 
components in the mixture, respectively. The βij is calculated for the aromatic and aliphatic 
hydrocarbons, but it is not used for the IL, since the composition of this component in the 
hydrocarbon-rich phase is assumed to be 0. 
The goodness of the correlation was verified by means of the root-mean-square deviation 
of the composition, σx, that is defined with the following expression: 





































   







4. Liquid-liquid extraction using Ionic Liquids 
In this chapter, the suitability of several ionic liquids (ILs) as extraction agents on the 
separation of aromatic/aliphatic hydrocarbons mixtures is analysed.  
In order to properly design the separation processes of aromatic/aliphatic hydrocarbons 
mixtures and select the most suitable ionic liquid to perform the extraction, the knowledge 
of liquid-liquid equilibrium (LLE) data of binary, ternary, quaternary and systems with even 
more than four components with aromatic compounds is required, since real petrochemical 
streams consist of a wide variety of compounds.  
Hence in this chapter, the study of the experimental LLE data of the binary systems 
{aromatic hydrocarbon (1) + ionic liquid (2)}, the ternary systems {aliphatic hydrocarbon 
(1) + benzene (2) + ionic liquid (3)} and the quaternary systems {octane (1) + decane (2) + 
benzene (3) + ionic liquid (4)} are presented, in order to find the most suitable ionic liquid 
to perform the separation of aromatic/aliphatic hydrocarbons mixtures. 
Firstly, a study of the LLE of 66 binary systems involving benzene, toluene, ethylbenzene 
and xylene isomers as aromatic hydrocarbons and 11 different ionic liquids based on 
imidazolium, pyridinium, pyrrolidinium and ammonium cations and 
bis(trifluoromethylsulfonyl)imide, [NTf2]-, trifluoromethanesulfonate, [TfO]-, dicyanamide, 
[DCA]-, and ethylsulfate, [ESO4]-, anions, was carried out at T = (293.15-333.15) K and 
atmospheric pressure with the aim of studying the effect of the structural characteristics of 
both aromatic compounds and ILs on the phase behaviour of the binary mixtures. 
Secondly, based on the results obtained in the study of the LLE of the binary systems, the 
LLE determination of 17 ternary systems {aliphatic hydrocarbon (1) + benzene (2) + ionic 
liquid (3)} were carried out at T = 298.15 K and atmospheric pressure. This study was 
performed using octane, decane and dodecane as aliphatic hydrocarbons and 5 ionic              
liquids involving pyrrolidinium and ammonium cations combined with 
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bis(trifluoromethylsulfonyl)imide, [NTf2]-, trifluoromethanesulfonate, [TfO]- and 
dicyanamide, [DCA]-, anions. In this way, the influence of the alkyl chain length of the 
aliphatic hydrocarbons and the role of the cation core and anion structure of the ionic liquid 
on the separation of benzene can be analysed. Moreover, a study of the influence of the 
temperature on the extraction of benzene from octane was performed by the LLE 
determination of a ternary system involving an ammonium-based IL at T = (298.15, 308.15 
and 318.15) K and atmospheric pressure.  
Subsequently, with the purpose of studying the effect of the presence of two aliphatic 
hydrocarbons on the extraction of benzene using ionic liquids, the next step in this thesis 
was the determination and analysis of the LLE of 3 quaternary systems {octane (1) + decane 
(2) + benzene (3) + ionic liquid (4)} at T = 298.15 K and atmospheric pressure. Taking into 
account the results obtained in the experimental LLE determination of the ternary systems, 
three ILs involving pyrrolidinium and ammonium cations with [NTf2]- and [DCA]- anions 
were selected to perform the quaternary systems. With these ILs, the influence of the ionic 
liquid structure on the extraction of benzene can be also analysed. 
Finally, a comparison in terms of the extraction parameters between the results obtained 
for the experimental data of the ternary and of the quaternary systems is presented at the end 
of this chapter. 
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4.1. Binary systems 
In order to apply the ionic liquids as solvents on the extraction of aromatic compounds, 
the knowledge of the mutual solubility of the binary mixtures {aromatic hydrocarbon (1) + 
ionic liquid (2)} has a crucial importance since this information is necessary to design any 
process involving ILs on an industrial scale. Moreover, phase equilibrium results are also 
important for expanding the knowledge about the nature of the ILs and for assisting in the 
systematic study of their thermodynamic properties. 
A database of experimental binary LLE data of different ILs with a broad range of 
hydrocarbons has been reported. By inspection of the literature available in the Scopus 
database, most of the citations (23) are related to mixtures containing imidazolium-based 
ILs, while scarce publications about the phase behaviour of binary mixtures with ILs based 
on other cations such as ammonium (4), phosphonium (2), pyridinium (4), pyrrolidinium 
(3), or isoquinolinium (8) were found. Taking into account the large number of {aromatic 
hydrocarbon (1) + ionic liquid (2)} potential mixtures, new solubility studies are needed as 
the solubility of aromatic compounds in the ILs affects their use as extraction media. 
For this reason, in this subchapter LLE data of 66 binary systems {aromatic hydrocarbon 
(1) + ionic liquid (2)} at T = (293.15–333.15) K and atmospheric pressure are presented. The 
aromatic hydrocarbons used were: benzene, toluene, ethylbenzene, o-xylene, m-xylene and 
p-xylene, given that these aromatic hydrocarbons are considered essential in the chemical 
industry because they are the source of many other organic chemicals1. Besides, with these 
6 aromatics the influence of their structural characteristics on their solubility in the ILs used 
in this work can be analysed.  
The ILs selected to study the phase behaviour of the binary mixtures were:                              
1-ethyl- 3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [EMim][NTf2], 1-hexyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [HMim][NTf2], 1-hexyl-3-
methylimidazolium dicyanamide, [HMim][DCA], 1-ethyl-3-methypyridinium 
bis(trifluoromethylsulfonyl)imide, [EMpy][NTf2], 1-propyl-3-methylpyridinium 
bis(trifluoromethylsulfonyl)imide, [PMpy][NTf2], 1-ethyl-3-methypyridinium 
ethylsulphate, [EMpy][ESO4], butyltrimethylammonium bis(trifluoromethylsulfonyl)imide, 
[N4111][NTf2], tributylmethylammonium bis(trifluoromethylsulfonyl)imide, [N4441][NTf2], 
1 Weissermel K., Arpe H.J., Industrial Organic Chemistry, 4th edition, Wiley-WCH, Weinheim, 2003 
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1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [BMpyr][NTf2], 1-butyl-
1-methylpyrrolidinium trifluoromethanesulfonate, [BMpyr][TfO], and 1-butyl-1-
methylpyrrolidinium dicyanamide, [BMpyr][DCA]. With these different ILs the effect of 
the structure (cation core and anion nature) of the ionic liquid on the phase behaviour can be 
analysed. A summary of the binary systems investigated in this subchapter together with the 
naming of each system is displayed in Table 4.1.1. 
Table 4.1.1. Binary systems studied with ILs as solvents at T = (293.15-333.15) K and atmospheric 
pressure 
         Aromatics 
   ILs 
benzene toluene ethylbenzene o-xylene m-xylene p-xylene 
[EMim][NTf2] A1 A2 A3 A4 A5 A6 
[HMim][NTf2] B1 B2 B3 B4 B5 B6 
[HMim][DCA] C1 C2 C3 C4 C5 C6 
[EMpy][NTf2] D1 D2 D3 D4 D5 D6 
[PMpy][NTf2] E1 E2 E3 E4 E5 E6 
[EMpy][ESO4] F1 F2 F3 F4 F5 F6 
[BMpyr][NTf2] G1 G2 G3 G4 G5 G6 
[BMpyr][TfO] H1 H2 H3 H4 H5 H6 
[BMpyr][DCA] I1 I2 I3 I4 I5 I6 
[N4111][NTf2]* J1 J2 J3 J4 J5 J6 
[N4441][NTf2]* K1 K2 K3 K4 K5 K6 
* density measurements at T = 343.15 K; for the remaining systems, the density was measured at            
T = 283.15 K  
All the binary systems were correlated using the Non-Random Two-Liquid (NRTL) 
thermodynamic model1. 
Finally, a comparison between the experimental LLE of the binary systems determined 
in this work and those found in literature is presented. 
  
1 Renon H., Prausnitz J.M., J. AlChE. 14 (1968) 135-144 
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4.1.1. Experimental procedure  
The experimental procedure for the LLE determination of the binary systems is described 
in this section. 
Due to the significant influence of the water and volatile compounds content over physical 
properties such as the density of the pure ILs and of their binary mixtures with the aromatic 
hydrocarbons, it is necessary to reduce it to negligible values. Therefore, the aromatics were 
degassed and the ILs were dried prior to their use as it was explained in detail in section 2.2. 
Previously to the LLE determination of the binary systems, a preliminary study of the 
solubility of the aromatic compounds in the selected ILs was carried out in order to know 
the influence of the temperature on their solubility. In general terms the solubility of the 
aromatic hydrocarbons in the ILs increases when the temperature is increased; nevertheless, 
some binary systems1,2,3,4,5 show a decrease in the solubility of the aromatics in the ILs when 
the temperature increases.  
To this end, the solubilities of all the aromatics in the studied ILs were determined at 
room temperature, 283.15 K and 333.15 K following an experimental procedure based on 
the “cloud point” method6,7,8. For this, approximately 3 mL of ionic liquid were introduced 
into a vial and it was weighed using a Mettler AX-205 Delta Range balance previously 
described in section 2.1.4. The samples were vortexed while the corresponding aromatic was 
added drop-wise until a slight turbidity in the samples was observed; then, the sample was 
weighted again and its composition was determined. Next, the vial was placed into a 
thermostatic water bath (PoliScience digital temperature controller, with a precision of          
±0.01 K) at T = 333.15 K and the temperature was controlled with a digital thermometer 
ASL model F200 with an uncertainty in the measurement of ±0.01 K.  
After a few minutes, if the turbidity of the samples disappeared, the corresponding 
aromatic hydrocarbon was added drop by drop until a turbidity was observed; the sample 
was weighed again and its composition was calculated. In case the turbidity of the samples 
1 Lachwa J., Szydlowski J., Makowska A., Seddon K.R., Esperança J.M.S.S., Guedes H.J.R., Rebelo L.P.N., Green Chem. 
8 (2006) 262–267 
2 Domańska U., Laskowska M., Pobudkowska A., J. Phys. Chem. B 113 (2009) 6397–6404 
3 Domańska U., Królikowski M., Arasimowicz M., J. Chem. Eng. Data 55 (2010) 773–777 
4 Shang H.-T., Wu J.-S., Zhou Q., Wang L.-S., J. Chem. Eng. Data 51 (2006) 1286–1288 
5 Domańska U., Vadimovna Lukoshko E., Szydłowski J., Fluid Phase Equilibr. 387 (2015) 18–23 
6 Letcher T.M., Siswana P.M., Fluid Phase Equilibr. 74 (1992) 203-217  
7 Letcher T.M., Deenadayalu N., J. Chem. Thermodyn. 35 (2003) 67-76 
8 Maduro R.M., Aznar M., Fluid Phase Equilibr. 265 (2008) 129-138 
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was still present, they were introduced in a thermostatic water bath at T = 283.15 K in order 
to determine if the solubility increases when the temperature decreases.  
Taking into account the results obtained in this preliminary study, it can be concluded 
that the solubility of the aromatic hydrocarbons in the ammonium-based ILs increases when 
the temperature is increased, while the solubility of the aromatics in the rest of the ILs 
(imidazolium, pyridinium and pyrrolidinium- based ILs) decreases with the increase in the 
temperature.  
─ Liquid-liquid equilibrium determination  
For the determination of the experimental LLE, an immiscible mixture of two compounds 
was placed inside a 15 mL glass cell, being the total volume of each sample 12 mL (4 mL 
of ionic liquid + 8 mL of aromatic hydrocarbon). This mixture was prepared by weighing 
under argon atmosphere, and sealed using a rubber cover to avoid losses by evaporation or 
pickup of moisture. Then, the cells were placed in a methacrylate container connected to a 
thermostatic water bath and stirred for at least 3 hours in order to ensure an intimate contact 
between both phases at T = 293.15 K. This experimental setup is shown in Figure 4.1.1.1.  
After 3 hours the stirring was stopped, two steel needles with plastic plugs were inserted 
through the rubber cover as shown in Figure 4.1.1.1. and mixtures were allowed to settle at 
least 3 hours to ensure a complete phase separation. Preliminary tests showed that the chosen 
time of stirring and of settling was enough to guarantee that equilibrium between phases was 
reached. 
Next, a sample of each phase was withdrawn using a syringe, the density of both phases 
was measured at the corresponding temperature and the compositions were calculated using 
the polynomial expression previously obtained, as it is described below. This procedure was 
repeated for each studied temperature from T = 293.15 K to T = 333.15 K, in 5 K steps. 
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Figure 4.1.1.1. Experimental setup for the LLE determination and glass cell equilibrium with 
the needles to collect the phase samples after the equilibrium 
─ Determination of the phase compositions  
The determination of the composition of the ionic liquid-rich phase was carried out by 
measuring the densities and fitting these values versus the composition. Thus, prior to the 
experimental LLE determination, the density of miscible binary mixtures with known 
compositions were determined. Bearing the results above mentioned in mind, the density of 
the binary mixtures involving the ammonium-based ILs as solvents were measured at                       
T = 333.15 K in order to ensure the complete miscibility of the binary mixtures, while the 
density of the remaining binary samples were measured at T = 283.15 K and atmospheric 
pressure for the same reason.  
The polynomial expressions for density versus the composition as well as the 
corresponding standard relative deviation, σ, for all the binary systems presented in this work 
are summarized in Table A1 shown in Appendix A.  
Two binary mixtures were evaluated in order to obtain the error of the technique used for 
the determination of the solubility curves. The maximum error between experimental and 
calculated composition was of  ± 0.005 in mole fraction. The composition and the density of 
these mixtures are presented in Table A2 included in Appendix A. 
Due to the fact that the tested ILs are practically immiscible in the aromatic hydrocarbons 
used in this work at the studied temperature range, the absence of ILs in the aromatic-rich 
phase was assumed. This fact was confirmed by 1H-NMR and checked with the values of 
the density of the aromatic-rich phase measured, since they were practically unchanged from 




4.1.2. Experimental data 
In this section, the experimental LLE data of 66 binary systems {aromatic hydrocarbon 
(1) + ionic liquid (2)} determined in the range of temperature from T = (293.15 to 333.15) 
K, every 5K, and atmospheric pressure are presented. 
The studied binary systems were constituted by benzene, toluene, ethylbenzene, o-xylene, 
m-xylene and p-xylene as aromatic hydrocarbons and the ILs used were [EMim][NTf2], 
[HMim][NTf2], [HMim][DCA], [EMpy][NTf2], [PMpy][NTf2], [EMpy][ESO4], 
[BMpyr][NTf2], [BMpyr][TfO], [BMpyr][DCA], [N4111][NTf2] and [N4441][NTf2], thus 
allowing to analyse the influence of the structural characteristics of both components of the 
binary mixtures on the phase behaviour. 
As it has already been mentioned, the studied ILs were assumed practically immiscible 
in all the tested aromatic hydrocarbons at the studied temperature range; therefore, only the 
compositions of the corresponding aromatic hydrocarbon in mole fraction in the ionic liquid-
rich phase are shown in Tables 4.1.2.1.X. 
Finally, all the studied binary systems were correlated using the NRTL thermodynamic 
model assuming that the solubility of the ILs in the aromatic-rich phase was 0.001 in mole 
fraction, to avoid calculation errors. Furthermore, although the non-randomness parameter, 
ij, can be adjusted, in this case it was fixed to a value of 0.20 during the calculations.  
The experimental LLE data of the 66 binary systems are shown in the following tables 
and figures, whose distribution and name of each element are described below.  
In Tables 4.1.2.Y.X., the experimental LLE data for the ionic liquid-rich phase in mole 
fraction of the corresponding aromatic hydrocarbon are shown when Y = 1, and the binary 
interaction parameters, g12 and g21, and the root-mean-square deviations of the 
compositions, x, for the corresponding correlation using the NRTL model are shown when 
Y = 2.  
For all the tables, X means the order of each system as indicated in Table 4.1.1. 
Due to the large number of binary systems studied in this work and that the representation 
of the LLE experimental data of the binary system as a function of the mole fraction of the 
aromatic hydrocarbon does not provide an important information itself, the experimental 
LLE data are shown graphically in the section 4.1.3. where the different structural 
characteristics of the aromatics and of the ionic liquids on the binary LLE data are discussed. 
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Table 4.1.2.1.A1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[EMim][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [EMim][NTf2]} {toluene + [EMim][NTf2]} {ethylbenzene + [EMim][NTf2]} 
293.15 0.776 293.15 0.651 293.15 0.507 
298.15 0.772 298.15 0.647 298.15 0.503 
303.15 0.773 303.15 0.646 303.15 0.501 
308.15 0.773 308.15 0.644 308.15 0.504 
313.15 0.769 313.15 0.643 313.15 0.498 
318.15 0.769 318.15 0.641 318.15 0.497 
323.15 0.767 323.15 0.639 323.15 0.494 
328.15 0.768 328.15 0.637 328.15 0.495 
333.15 0.765 333.15 0.635 333.15 0.490 
{o-xylene + [EMim][NTf2]} {m-xylene + [EMim][NTf2]} {p-xylene + [EMim][NTf2]} 
293.15 0.540 293.15 0.493 293.15 0.484 
298.15 0.536 298.15 0.486 298.15 0.479 
303.15 0.535 303.15 0.486 303.15 0.477 
308.15 0.534 308.15 0.483 308.15 0.477 
313.15 0.532 313.15 0.484 313.15 0.474 
318.15 0.532 318.15 0.482 318.15 0.471 
323.15 0.524 323.15 0.483 323.15 0.469 
328.15 0.524 328.15 0.478 328.15 0.471 
333.15 0.524 333.15 0.476 333.15 0.468 
 
 
Table 4.1.2.2.A1-6. NRTL binary interaction parameters, g12 and g21, and root-mean-square 
deviations of the compositions, x, obtained LLE correlation data for the binary systems                          
{aromatic hydrocarbon (1) + [EMim][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System g12 / (kJ·mol-1) g21 / (kJ·mol-1) x 
{benzene + [EMim][NTf2]} -7.090 20.94 0.003 
{toluene + [EMim][NTf2]} -5.094 18.94 0.003 
{ethylbenzene + [EMim][NTf2]} -3.330 17.54 0.003 
{o-xylene + [EMim][NTf2]} -3.709 17.86 0.003 
{m-xylene + [EMim][NTf2]} -3.144 17.27 0.003 




Table 4.1.2.1.B1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[HMim][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [HMim][NTf2]} {toluene + [HMim][NTf2]} {ethylbenzene + [HMim][NTf2]} 
293.15 0.878 293.15 0.806 293.15 0.726 
298.15 0.877 298.15 0.806 298.15 0.726 
303.15 0.877 303.15 0.806 303.15 0.727 
308.15 0.876 308.15 0.806 308.15 0.727 
313.15 0.876 313.15 0.806 313.15 0.729 
318.15 0.875 318.15 0.807 318.15 0.727 
323.15 0.875 323.15 0.807 323.15 0.730 
328.15 0.875 328.15 0.806 328.15 0.730 
333.15 0.876 333.15 0.807 333.15 0.726 
{o-xylene + [HMim][NTf2]} {m-xylene + [HMim][NTf2]} {p-xylene + [HMim][NTf2]} 
293.15 0.754 293.15 0.722 293.15 0.713 
298.15 0.754 298.15 0.722 298.15 0.714 
303.15 0.754 303.15 0.721 303.15 0.713 
308.15 0.754 308.15 0.722 308.15 0.714 
313.15 0.754 313.15 0.722 313.15 0.714 
318.15 0.755 318.15 0.723 318.15 0.714 
323.15 0.756 323.15 0.723 323.15 0.717 
328.15 0.753 328.15 0.726 328.15 0.717 
333.15 0.753 333.15 0.722 333.15 0.711 
 
 
Table 4.1.2.2.B1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [HMim][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [HMim][NTf2]} -9.641 24.18 0.003 
{toluene + [HMim][NTf2]} -7.567 20.97 0.004 
{ethylbenzene + [HMim][NTf2]} -6.038 18.89 0.005 
{o-xylene + [HMim][NTf2]} -6.548 19.67 0.004 
{m-xylene + [HMim][NTf2]} -5.960 18.81 0.005 
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Table 4.1.2.1.C1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[HMim][DCA] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [HMim][DCA]} {toluene + [HMim][DCA]} {ethylbenzene + [HMim][DCA]} 
293.15 0.779 293.15 0.644 293.15 0.516 
298.15 0.779 298.15 0.640 298.15 0.514 
303.15 0.782 303.15 0.637 303.15 0.515 
308.15 0.779 308.15 0.637 308.15 0.508 
313.15 0.777 313.15 0.631 313.15 0.507 
318.15 0.769 318.15 0.624 318.15 0.499 
323.15 0.766 323.15 0.620 323.15 0.500 
328.15 0.764 328.15 0.624 328.15 0.501 
333.15 0.767 333.15 0.628 333.15 0.503 
{o-xylene + [HMim][DCA]} {m-xylene + [HMim][DCA]} {p-xylene + [HMim][DCA]} 
293.15 0.565 293.15 0.505 293.15 0.492 
298.15 0.564 298.15 0.497 298.15 0.486 
303.15 0.564 303.15 0.502 303.15 0.481 
308.15 0.561 308.15 0.491 308.15 0.482 
313.15 0.553 313.15 0.496 313.15 0.482 
318.15 0.553 318.15 0.482 318.15 0.473 
323.15 0.551 323.15 0.482 323.15 0.471 
328.15 0.550 328.15 0.482 328.15 0.470 
333.15 0.549 333.15 0.481 333.15 0.466 
 
 
Table 4.1.2.2.C1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the studied binary systems                                                 
{aromatic hydrocarbon (1) + [HMim][DCA] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [HMim][DCA]} -7.306 21.65 0.003 
{toluene + [HMim][DCA]} -5.028 19.36 0.003 
{ethylbenzene + [HMim][DCA]} -3.442 17.84 0.003 
{o-xylene + [HMim][DCA]} -4.036 18.31 0.003 
{m-xylene + [HMim][DCA]} -3.308 18.52 0.003 






Table 4.1.2.1.D1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[EMpy][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [EMpy][NTf2]} {toluene + [EMpy][NTf2]} {ethylbenzene + [EMpy][NTf2]} 
293.15 0.785 293.15 0.705 293.15 0.591 
298.15 0.784 298.15 0.704 298.15 0.590 
303.15 0.783 303.15 0.702 303.15 0.586 
308.15 0.784 308.15 0.703 308.15 0.587 
313.15 0.783 313.15 0.700 313.15 0.583 
318.15 0.783 318.15 0.698 318.15 0.581 
323.15 0.782 323.15 0.699 323.15 0.579 
328.15 0.782 328.15 0.699 328.15 0.584 
333.15 0.782 333.15 0.700 333.15 0.575 
{o-xylene + [EMpy][NTf2]} {m-xylene + [EMpy][NTf2]} {p-xylene + [EMpy][NTf2]} 
293.15 0.634 293.15 0.590 293.15 0.589 
298.15 0.634 298.15 0.591 298.15 0.584 
303.15 0.634 303.15 0.587 303.15 0.582 
308.15 0.632 308.15 0.591 308.15 0.583 
313.15 0.630 313.15 0.584 313.15 0.578 
318.15 0.630 318.15 0.583 318.15 0.576 
323.15 0.628 323.15 0.580 323.15 0.573 
328.15 0.626 328.15 0.583 328.15 0.572 
333.15 0.625 333.15 0.585 333.15 0.571 
 
 
Table 4.1.2.2.D1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [EMpy][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [EMpy][NTf2]}  -7.159 20.58 0.004 
{toluene + [EMpy][NTf2]} -5.798 19.10 0.004 
{ethylbenzene + [EMpy][NTf2]} -4.310 18.10 0.003 
{o-xylene + [EMpy][NTf2]} -4.845 18.29 0.004 
{m-xylene + [EMpy][NTf2]} -4.280 17.73 0.004 




Liquid-liquid extraction using ILs  
Table 4.1.2.1.E1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[PMpy][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [PMpy][NTf2]} {toluene + [PMpy][NTf2]} {ethylbenzene + [PMpy][NTf2]} 
293.15 0.806 293.15 0.732 293.15 0.633 
298.15 0.804 298.15 0.730 298.15 0.629 
303.15 0.807 303.15 0.731 303.15 0.631 
308.15 0.806 308.15 0.729 308.15 0.629 
313.15 0.807 313.15 0.730 313.15 0.626 
318.15 0.804 318.15 0.728 318.15 0.623 
323.15 0.805 323.15 0.726 323.15 0.625 
328.15 0.806 328.15 0.729 328.15 0.624 
333.15 0.805 333.15 0.728 333.15 0.628 
{o-xylene + [PMpy][NTf2]} {m-xylene + [PMpy][NTf2]} {p-xylene + [PMpy][NTf2]} 
293.15 0.669 293.15 0.633 293.15 0.629 
298.15 0.667 298.15 0.629 298.15 0.627 
303.15 0.667 303.15 0.630 303.15 0.630 
308.15 0.664 308.15 0.626 308.15 0.622 
313.15 0.664 313.15 0.627 313.15 0.626 
318.15 0.663 318.15 0.628 318.15 0.619 
323.15 0.661 323.15 0.626 323.15 0.627 
328.15 0.661 328.15 0.628 328.15 0.621 
333.15 0.661 333.15 0.626 333.15 0.621 
 
 
Table 4.1.2.2.E1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [PMpy][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [PMpy][NTf2]}  -7.570 2.101 0.004 
{toluene + [PMpy][NTf2]} -6.203 19.45 0.004 
{ethylbenzene + [PMpy][NTf2]} -4.778 18.08 0.004 
{o-xylene + [PMpy][NTf2]} -5.328 18.95 0.004 
{m-xylene + [PMpy][NTf2]} -4.751 17.90 0.004 





Table 4.1.2.1.E1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[EMpy][ESO4] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [EMpy][ESO4]} {toluene + [EMpy][ESO4]} {ethylbenzene + [EMpy][ESO4]} 
293.15 0.587 293.15 0.350 293.15 0.194 
298.15 0.587 298.15 0.349 298.15 0.195 
303.15 0.586 303.15 0.349 303.15 0.195 
308.15 0.576 308.15 0.346 308.15 0.192 
313.15 0.572 313.15 0.346 313.15 0.195 
318.15 0.570 318.15 0.342 318.15 0.193 
323.15 0.567 323.15 0.339 323.15 0.192 
328.15 0.563 328.15 0.337 328.15 0.192 
333.15 0.561 333.15 0.341 333.15 0.193 
{o-xylene + [EMpy][ESO4]} {m-xylene + [EMpy][ESO4]} {p-xylene + [EMpy][ESO4]} 
293.15 0.244 293.15 0.194 293.15 0.193 
298.15 0.244 298.15 0.195 298.15 0.192 
303.15 0.238 303.15 0.189 303.15 0.190 
308.15 0.236 308.15 0.186 308.15 0.189 
313.15 0.236 313.15 0.187 313.15 0.185 
318.15 0.237 318.15 0.184 318.15 0.186 
323.15 0.233 323.15 0.190 323.15 0.186 
328.15 0.232 328.15 0.186 328.15 0.184 
333.15 0.233 333.15 0.189 333.15 0.185 
 
 
Table 4.1.2.2.E1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [EMpy][ESO4] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [EMpy][ESO4]}  -4.367 19.67 0.002 
{toluene + [EMpy][ESO4]} -1.605 17.03 0.002 
{ethylbenzene + [EMpy][ESO4]} 0.338 16.93 0.001 
{o-xylene + [EMpy][ESO4]} -0.228 17.96 0.001 
{m-xylene + [EMpy][ESO4]} 0.471 17.87 0.002 





Liquid-liquid extraction using ILs  
Table 4.1.2.1.G1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[BMpyr][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [BMpyr][NTf2]} {toluene + [BMpyr][NTf2]} {ethylbenzene + [BMpyr][NTf2]} 
293.15 0.812 293.15 0.728 293.15 0.634 
298.15 0.811 298.15 0.728 298.15 0.634 
303.15 0.808 303.15 0.725 303.15 0.631 
308.15 0.812 308.15 0.727 308.15 0.632 
313.15 0.809 313.15 0.727 313.15 0.627 
318.15 0.811 318.15 0.725 318.15 0.626 
323.15 0.809 323.15 0.717 323.15 0.626 
328.15 0.808 328.15 0.720 328.15 0.626 
333.15 0.807 333.15 0.719 333.15 0.627 
{o-xylene + [BMpyr][NTf2]} {m-xylene + [BMpyr][NTf2]} {p-xylene + BMpyr][NTf2]} 
293.15 0.697 293.15 0.595 293.15 0.596 
298.15 0.694 298.15 0.595 298.15 0.597 
303.15 0.692 303.15 0.593 303.15 0.596 
308.15 0.692 308.15 0.593 308.15 0.596 
313.15 0.692 313.15 0.593 313.15 0.594 
318.15 0.690 318.15 0.592 318.15 0.591 
323.15 0.690 323.15 0.590 323.15 0.593 
328.15 0.690 328.15 0.591 328.15 0.588 
333.15 0.690 333.15 0.591 333.15 0.588 
 
 
Table 4.1.2.2.G1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [BMpyr][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [BMpyr][NTf2]}  -7.744 21.40 0.004 
{toluene + [BMpyr][NTf2]} -6.223 19.81 0.004 
{ethylbenzene + [BMpyr][NTf2]} -4.200 18.21 0.004 
{o-xylene + [BMpyr][NTf2]} -5.652 18.92 0.004 
{m-xylene + [BMpyr][NTf2]} -4.308 17.50 0.004 





Table 4.1.2.1.H1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[BMpyr][TfO] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [BMpyr][TfO]} {toluene + [BMpyr][TfO]} {ethylbenzene + [BMpyr][TfO]} 
293.15 0.726 293.15 0.578 293.15 0.437 
298.15 0.725 298.15 0.581 298.15 0.433 
303.15 0.724 303.15 0.576 303.15 0.432 
308.15 0.723 308.15 0.571 308.15 0.429 
313.15 0.722 313.15 0.570 313.15 0.425 
318.15 0.721 318.15 0.564 318.15 0.424 
323.15 0.718 323.15 0.563 323.15 0.423 
328.15 0.719 328.15 0.560 328.15 0.421 
333.15 0.715 333.15 0.558 333.15 0.424 
{o-xylene + [BMpyr][TfO]} {m-xylene + [BMpyr][TfO]} {p-xylene + BMpyr][TfO]} 
293.15 0.469 293.15 0.425 293.15 0.428 
298.15 0.469 298.15 0.421 298.15 0.426 
303.15 0.462 303.15 0.414 303.15 0.417 
308.15 0.460 308.15 0.412 308.15 0.412 
313.15 0.454 313.15 0.411 313.15 0.409 
318.15 0.453 318.15 0.407 318.15 0.404 
323.15 0.453 323.15 0.409 323.15 0.406 
328.15 0.456 328.15 0.405 328.15 0.399 
333.15 0.458 333.15 0.405 333.15 0.410 
 
 
Table 4.1.2.2.H1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [BMpyr][TfO] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [BMpyr][TfO]}  -6.197 19.81 0.004 
{toluene + [BMpyr][TfO]} -4.230 18.86 0.003 
{ethylbenzene + [BMpyr][TfO]} -2.541 17.29 0.002 
{o-xylene + [BMpyr][TfO]} -2.890 17.32 0.003 
{m-xylene + [BMpyr][TfO]} -2.386 17.74 0.002 





Liquid-liquid extraction using ILs  
Table 4.1.2.1.I1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[BMpyr][DCA] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [BMpyr][DCA]} {toluene + [BMpyr][DCA]} {ethylbenzene + [BMpyr][DCA]} 
293.15 0.713 293.15 0.547 293.15 0.394 
298.15 0.711 298.15 0.545 298.15 0.391 
303.15 0.708 303.15 0.534 303.15 0.373 
308.15 0.705 308.15 0.531 308.15 0.379 
313.15 0.704 313.15 0.524 313.15 0.366 
318.15 0.699 318.15 0.522 318.15 0.374 
323.15 0.695 323.15 0.514 323.15 0.366 
328.15 0.691 328.15 0.502 328.15 0.365 
333.15 0.688 333.15 0.505 333.15 0.365 
{o-xylene + [BMpyr][DCA]} {m-xylene + [BMpyr][DCA]} {p-xylene + BMpyr][DCA]} 
293.15 0.447 293.15 0.356 293.15 0.346 
298.15 0.447 298.15 0.358 298.15 0.348 
303.15 0.435 303.15 0.350 303.15 0.340 
308.15 0.424 308.15 0.351 308.15 0.342 
313.15 0.423 313.15 0.346 313.15 0.337 
318.15 0.417 318.15 0.353 318.15 0.343 
323.15 0.406 323.15 0.354 323.15 0.344 
328.15 0.405 328.15 0.351 328.15 0.341 
333.15 0.397 333.15 0.342 333.15 0.333 
 
 
Table 4.1.2.2.I1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [BMpyr][DCA] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [BMpyr][DCA]}  -6.178 21.12 0.002 
{toluene + [BMpyr][DCA]} -3.707 22.73 0.002 
{ethylbenzene + [BMpyr][DCA]} -1.931 19.05 0.003 
{o-xylene + [BMpyr][DCA]} -1.924 25.22 0.002 
{m-xylene + [BMpyr][DCA]} -1.674 16.54 0.003 






Table 4.1.2.1.J1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[N4111][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [N4111][NTf2]} {toluene + [N4111][NTf2]} {ethylbenzene + [N4111][NTf2]} 
293.15 0.755 293.15 0.635 293.15 0.494 
298.15 0.754 298.15 0.636 298.15 0.493 
303.15 0.753 303.15 0.636 303.15 0.494 
308.15 0.755 308.15 0.637 308.15 0.494 
313.15 0.755 313.15 0.637 313.15 0.495 
318.15 0.758 318.15 0.638 318.15 0.495 
323.15 0.756 323.15 0.639 323.15 0.496 
328.15 0.758 328.15 0.640 328.15 0.497 
333.15 0.758 333.15 0.641 333.15 0.498 
{o-xylene + [N4111][NTf2]} {m-xylene + [N4111][NTf2]} {p-xylene + [N4111][NTf2]} 
293.15 0.535 293.15 0.491 293.15 0.481 
298.15 0.535 298.15 0.492 298.15 0.482 
303.15 0.535 303.15 0.492 303.15 0.482 
308.15 0.536 308.15 0.492 308.15 0.484 
313.15 0.537 313.15 0.493 313.15 0.484 
318.15 0.537 318.15 0.493 318.15 0.485 
323.15 0.537 323.15 0.495 323.15 0.485 
328.15 0.538 328.15 0.496 328.15 0.486 
333.15 0.539 333.15 0.496 333.15 0.487 
 
 
Table 4.1.2.2.J1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [N4111][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [N4111][NTf2]}  -6.483 19.38 0.005 
{toluene + [N4111][NTf2]} -4.721 17.31 0.004 
{ethylbenzene + [N4111][NTf2]} -3.122 16.10 0.005 
{o-xylene + [N4111][NTf2]} -3.571 16.42 0.005 
{m-xylene + [N4111][NTf2]} -3.093 16.01 0.005 





Liquid-liquid extraction using ILs  
Table 4.1.2.1.K1-6. Experimental LLE data of the binary system {aromatic hydrocarbon (1) + 
[N444 1][NTf2] (2)} in mole fraction of the corresponding aromatic hydrocarbon in the IL-rich phase 
at T = (293.15-333.15) K and atmospheric pressure  
T / K x1 T / K x1 T / K x1 
{benzene + [N4441][NTf2]} {toluene + [N4441][NTf2]} {ethylbenzene + [N4441][NTf2]} 
293.15 0.881 293.15 0.822 293.15 0.734 
298.15 0.881 298.15 0.822 298.15 0.735 
303.15 0.882 303.15 0.822 303.15 0.736 
308.15 0.882 308.15 0.822 308.15 0.737 
313.15 0.882 313.15 0.822 313.15 0.737 
318.15 0.880 318.15 0.822 318.15 0.738 
323.15 0.879 323.15 0.822 323.15 0.738 
328.15 0.877 328.15 0.822 328.15 0.738 
333.15 0.876 333.15 0.824 333.15 0.738 
{o-xylene + [N4441][NTf2]} {m-xylene + [N4441][NTf2]} {p-xylene + [N4441][NTf2]} 
293.15 0.738 293.15 0.697 293.15 0.623 
298.15 0.738 298.15 0.698 298.15 0.624 
303.15 0.738 303.15 0.699 303.15 0.624 
308.15 0.737 308.15 0.698 308.15 0.624 
313.15 0.737 313.15 0.698 313.15 0.625 
318.15 0.738 318.15 0.699 318.15 0.625 
323.15 0.736 323.15 0.698 323.15 0.625 
328.15 0.735 328.15 0.699 328.15 0.625 
333.15 0.734 333.15 0.699 333.15 0.625 
 
 
Table 4.1.2.2.J1-6. NRTL binary interaction parameters, ∆g12 and ∆g21, and root-mean-square 
deviations of the compositions, σx, obtained LLE correlation data for the binary systems                                                 
{aromatic hydrocarbon (1) + [N444 1][NTf2] (2)} at T = (293.15-333.15) K and atmospheric pressure 
System ∆g12 / (kJ·mol-1) ∆g21 / (kJ·mol-1) σx 
{benzene + [N4441][NTf2]} -9.833 24.52 0.003 
{toluene + [N4441][NTf2]} -7.918 21.43 0.004 
{ethylbenzene + [N4441][NTf2]} -5.945 18.87 0.005 
{o-xylene [N4441][NTf2]} -6.157 18.96 0.005 
{m-xylene + [N4441][NTf2]} -5.608 18.45 0.005 





From these presented results, it can be concluded that the temperature has a small effect 
on the phase behaviour, although a slight increase in the solubility of the aromatics is 
observed in the ammonium-based ILs with an increase in the temperature is observed at the 
studied temperature range, while a slight decrease in the solubility of the aromatics is 
observed in the imidazolium, pyridinium and pyrrolidinium-based ILs. Although this latter 
behaviour is not the typical for the binary systems, several mixtures can be found in literature 
in which this trend is also observed1,2,3,4,5.  
In general terms, the higher solubilities are obtained for the binary systems involving the 
ionic liquids [HMim][NTf2] and [N4441][NTf2] and the lower ones for the systems with 
[EMpy][ESO4]. 
Finally, the NRTL thermodynamic model was used to correlate the experimental LLE 
data. The binary interaction parameters obtained from the correlation of the binary systems, 
∆g12 and ∆g12, and the root-mean-square deviations of the composition, σx, are shown in 
Tables 4.1.2.2.X. Considering the low values of the deviations of the compositions obtained, 
the NRTL model seems to be adequate to correlate the LLE data of the studied binary 
systems. 
 
4.1.3. Discussion of the influences 
Under this heading, an analysis of the influence of the structure of the studied aromatic 
hydrocarbons as well as of the effect of the cation core and of the anion nature of the used 
ionic liquids on the LLE data of the studied binary mixtures is presented.  
It should be mentioned that due to the high differences between the molar masses of the 
ILs used, the comparison of the experimental results of LLE of the binary systems has been 




1 Lachwa J., Szydlowski J., Makowska A., Seddon K.R., Esperança J.M.S.S., Guedes H.J.R., Rebelo L.P.N., Green Chem. 
8 (2006) 262–267 
2 Domańska U., Laskowska M., Pobudkowska A., J. Phys. Chem. B 113 (2009) 6397–6404 
3 Domańska U., Królikowski M., Arasimowicz M., J. Chem. Eng. Data 55 (2010) 773–777 
4 Shang H.-T., Wu J.-S., Zhou Q., Wang L.-S., J. Chem. Eng. Data 51 (2006) 1286–1288 
5 Domańska U., Vadimovna Lukoshko E., Szydłowski J., Fluid Phase Equilibr. 387 (2015) 18–23 
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Liquid-liquid extraction using ILs  
4.1.3.1. Influence of the aromatic hydrocarbon 
The influence of the structure of the aromatic hydrocarbon on the phase equilibrium of 
the studied binary systems grouped according to the cation family of the ILs are shown in 
Figure 4.1.3.1.1. 
Imidazolium-based ILs 
         [EMim][NTf2]         [HMim][NTf2]          [HMim][DCA] 
   
Pyridinium-based ILs 
        [EMpy][NTf2] [PMpy][NTf2] [EMpy][ESO4] 
   
Figure 4.1.3.1.1. Experimental LLE data of the binary systems {aromatic compound (1) + ionic 
liquid (2)} as a function of the mass fraction of the corresponding aromatic hydrocarbon in the                    
IL- rich phase: () benzene, () toluene, () ethylbenzene, () o-xylene, () m-xylene and                  









































































[BMpyr][NTf2] [BMpyr][TfO] [BMpyr][DCA] 




Figure 4.1.3.1.1. Continuation. Symbols: () benzene, () toluene, () ethylbenzene,                       
() o-xylene, () m-xylene and () p-xylene 
As it can be observed, the trend of the solubility of the aromatic hydrocarbons increases 
according to benzene > toluene > ethylbenzene in all the studied ILs.  
This solubility sequence in the ILs which present aromatic character, i.e., the imidazolium 
and pyridinium-based ILs, could be related to the alkylation of the benzene ring which 
implies a greater aliphatic character of the aromatic hydrocarbon meaning a decrease in their 
solubility in these ILs, since the π-π interactions between the aromatics and the ILs would 
be not so favourable. This trend is consistent with the results found in the literature for other 
binary systems with aromatic ILs1,2,3,4.  
1 García J., Torrecilla J.S., Fernández A., Oliet M., Rodríguez F., J. Chem. Thermodyn. 42 (2010) 144-150  
2 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 5279-
5294 
3 Domańska U., Vadimovna Lukoshko E., Krolikowski M., Fluid Phase Equilibr. 345 (2013) 18-22 
4 Calado M.S., Petrovski Z., Manic M.S., Najdnovic-Visak V., Macedo E.A., Visak Z.P., Fluid Phase Equilibr. 337 (2013) 
67-72 
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Regarding the solubility of the xylene isomers in the ILs, the observed general trend is           
o-xylene > m-xylene > p-xylene. The solubility sequence of the xylenes isomers could be 
due to the impact on the aromatic induced dipole moment caused by the different positions 
of the second methyl group1,2,3,4. This general trend can be observed in the LLE of the binary 
systems involving the imidazolium-based ILs. Moreover, the solubility sequence of these 
aromatics is o-xylene > m-xylene ≅ p-xylene in the LLE of the binary systems containing 
the pyridinium and pyrrolidinium-based ILs.  
Finally, the phase behaviour shown by the systems with the ammonium-based ILs follows 
the general trend discussed above, with the particularity that the value of the solubility of 
para-xylene in the ionic liquid [N4441][NTf2] is much lower than those of the other xylene 
isomers. 
On the other hand, the general trend observed by many authors for the solubility of the 
aromatic hydrocarbons in the ILs is benzene > toluene > ethylbenzene > xylenes1,2,3,4; 
nevertheless, the solubility sequence of the aromatics in the LLE of the binary systems 
presented in this work follows in general the order: benzene > toluene > o-xylene > 
ethylbenzene > m-xylene > p-xylene.  
 
4.1.3.2. Influence of the ionic liquid anion 
The influence of the anion nature of the ionic liquid on the solubility of the aromatics in 
the studied ILs can be analysed in the binary systems involving [HMim][NTf2]/ 
[HMim][DCA], [EMpy][NTf2] / [EMpy][ESO4] and [BMpyr][NTf2] / [BMpyr][TfO]/ 




1 García J., Torrecilla J.S., Fernández A., Oliet M., Rodríguez F., J. Chem. Thermodyn. 42 (2010) 144-150 
2 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 5279-
5294 
3 Shiflett M.B., Niehaus A.M.S., J. Chem. Eng. Data 55 (2010) 346-353 
4 Shang H.-T., Wu J.-S., Zhou Q., Wang L.-S., J. Chem. Eng. Data 51 (2006) 1286-1288 
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Benzene Toluene Ethylbenzene 
   
o-xylene m-xylene p-xylene 
   
Figure 4.1.3.2.1. Experimental LLE data of the binary mixtures {aromatic compound (1) + ionic 
liquid (2)} as a function of the mass fraction of the indicated aromatic hydrocarbon in the IL-rich 
phase at T = (293.15 to 333.15) K and atmospheric pressure. Ionic liquids: () [HMim][NTf2], () 
[HMim][DCA], () [EMpy][NTf2], () [EMpy][ESO4], () [BMpyr][NTf2], ()[BMpyr][TfO] 
and () [BMpyr][DCA] 
As it can be inferred, the values of the solubility of all the aromatic hydrocarbons used in 
this work follow the order: [HMim][NTf2] > [HMim][DCA] and [EMpy][NTf2] > 
[EMpy][ESO4], which indicates that the solubility of the studied aromatics in the               
[NTf2]--based ILs is higher than in the ILs involving [DCA]- and [ESO4]- anions. In addition, 
the lower solubilities obtained for all the studied aromatics were those obtained for the binary 
systems involving the ionic liquid [EMpy][ESO4]. These results could be related to the low 
polarity, large volume and dispersive charge of the [NTf2]- anion, since these characteristics 
facilitate the interactions between the aromatics and the ILs1,2 meaning higher values of their 
solubilities. 
1 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 5279-
5294 
2 Marciniack A., J. Chem. Eng. Data 56 (2011) 368-374 
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From Figure 4.1.3.2.1. it can also be observed that the solubilities of the studied aromatic 
hydrocarbons in the pyrrolidinium-based ILs can be divided into two different phase 
behaviours: when the aromatic hydrocarbon is benzene the order followed by the solubilities 
is [BMpyr][DCA] > [BMpyr][NTf2] > [BMpyr][TfO], while when the aromatic 
hydrocarbon is other than benzene the order followed is [BMpyr][NTf2] > [BMpyr][DCA] 
> [BMpyr][TfO].  
 
4.1.3.3. Influence of the ionic liquid cation  
The analysis of the effect of the cation structure of the ionic liquid on the solubility of the 
studied aromatic hydrocarbons in the ILs can be performed comparing the behaviour              
of the binary systems involving the ILs [EMim][NTf2]/[HMim][NTf2], 
[EMpy][NTf2]/[PMpy][NTf2] and [BMpyr][NTf2]/[N4111][NTf2]/[N4441][NTf2]. The 
values of the LLE data of the binary mixtures are displayed in Figure 4.1.3.3.1.  
Benzene Toluene Ethylbenzene 
   
Figure 4.1.3.3.1. Experimental LLE data of the binary mixtures {aromatic compound (1) + ionic 
liquid (2)} as a function of the mass fraction of the corresponding aromatic hydrocarbon in the IL-
rich phase at T = (293.15 to 333.15) K and atmospheric pressure. Ionic liquids: () [EMim][NTf2], 
() [HMim][NTf2], () [EMpy][NTf2], () [PMpy][NTf2], () [BMpyr][NTf2], () 







































o-xylene m-xylene p-xylene 
   
Figure 4.1.3.3.1. Continuation. Symbols: () [EMim][NTf2], () [HMim][NTf2], () 
[EMpy][NTf2], () [PMpy][NTf2], () [BMpyr][NTf2], () [N4111][NTf2] and () [N4441][NTf2] 
As it can be observed, the solubility of the aromatics is strongly affected by the structure 
of the cation of the ionic liquid. An increase of the alkyl chain length of the cation leads to 
an increase on the solubility of all the studied aromatic compounds in the indicated ILs: 
[HMim][NTf2] > [EMim][NTf2] and [PMpy][NTf2] > [EMpy][NTf2]. The same effect was 
already observed for other binary mixtures containing ILs mixed with aromatics1,2,3,4. 
Contrary to the previous discussion about in the alkylation of the benzene ring, a possible 
explanation for this behaviour is that the increase of the alkyl chain length leads to a lower 
polarity of the ionic cation which enhances the interactions with the aromatic. Moreover, a 
longer chain increases the entropic effects that contribute to enhance the solubility, such as 
the asymmetry and the free volume of the ionic liquid.  
Furthermore, it can be drawn from Figure 4.1.3.3.1. that the solubility of the studied 
aromatic hydrocarbons in the ionic liquid [EMpy][NTf2] is higher than in the corresponding 
imidazolium-based ionic liquid, which could be explained from the higher aromatic 
character of the pyridinium cation. This is the general trend, although when the aromatic is 
benzene the trend is reversed, i.e., the solubility of benzene is higher in [EMim][NTf2] than 
in the ionic liquid [EMpy][NTf2].  
On the other hand, it can be inferred by the comparison of the values of the solubility of 
the aromatic hydrocarbons in the pyrrolidinium and ammonium-based ILs that the solubility 
1 Lachwa J., Szydlowski J., Makowska A., Seddon K.R., Esperança J.M.S.S., Guedes H.J.R., Rebelo L.P.N., Green 
Chem. 8 (2006) 262–267 
2 García J., Torrecilla J.S., Fernández A., Oliet M., Rodríguez F., J. Chem. Thermodyn. 42 (2010) 144–150 
3 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 
5279-5294 
4 Calado M.S., Petrovski Z., Manic M.S., Najdanovic-Visak V., Macedo E.A., Visak Z.P., Fluid Phase Equilibr. 337 
(2013) 67–72. 
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sequence is: [N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2]. This result indicates that the 
influence of the structure of the substituents of the ammonium cation is more remarkable 
than the effect of the cation nature of the ionic liquid on the solubility of the studied 
aromatics in these ILs.  
 
4.1.4. Comparison with literature 
In this section, a comparison between the obtained experimental solubility data and those 
found in literature for the binary systems containing the same ionic liquids than those studied 
in this thesis in the same conditions of pressure and temperature is presented. 
In Figure 4.1.4.1. the experimental LLE data of the binary mixtures obtained in this work 
and those found in literature as a function of the mole fraction of the aromatic hydrocarbon 
in the IL-rich phase at T = (293.15-333.15) K and atmospheric pressure are shown.  
 
Figure 4.1.4.1. LLE data of the binary systems: {benzene (1) + [EMim][NTf2] (2)} () and ()1, 
{toluene (1) + [EMim][NTf2] (2)} () and ()2, {ethylbenzene (1) + [EMim][NTf2] (2)} () and 
()2, {o-xylene (1) + [EMim][NTf2] (2)} ( ) and ( )2, {m-xylene (1) + [EMim][NTf2] (2)} ( ) and 
( )2, {p-xylene (1) + [EMim][NTf2] (2)} ( ) and ( )2, {benzene (1) + [BMpyr][TfO] (2)} () and 
()3, and {toluene (1) + [BMpyr][TfO] (2)} () and ()3 as a function of the mole fraction of the 
aromatic hydrocarbon in the IL-rich phase at T = (293.15-333.15) K and atmospheric pressure, the 
empty symbols are referred to the results obtained in this work 
1 Yokozeki A., Shiflett M.B., Ind. Eng. Chem. Res. 47 (2008) 8389-8395 
2 Shiflett M.B., Niehaus A.M.S., J.Chem.Eng. Data 55 (2010) 346-353 
3 Marciniak A., Karczemna E., J. Phys. Chem. B 114 (2010) 5470-5474 
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As it can be observed in this figure, the results obtained in this work are in excellent 
agreement with those reported in literature. The higher discrepancies were observed for the 
LLE data of the binary systems involving xylene isomers and [EMim][NTf2], which can be 
due to the different water content of the ionic liquid used in the reported work (ww = 188 
ppm) and to the different experimental techniques employed to determine the LLE 
compositions. 
 
4.1.5. Summary and conclusions 
In this section, the main results from the study of solubility of the 66 binary mixtures 
containing aromatic hydrocarbons and ionic liquids are compiled. 
The experimental LLE of binary mixtures with benzene, toluene, ethylbenzene and 
xylene isomers as aromatic hydrocarbons and the ionic liquids [EMim][NTf2], 
[HMim][NTf2], [HMim][DCA], [EMpy][NTf2], [PMpy][NTf2], [EMpy][ESO4], 
[BMpyr][NTf2], [BMpyr][TfO], [BMpyr][DCA], [N4111][NTf2] and [N4441][NTf2] were 
determined at the temperature range from T = 293.15 K to T = 333.15 K, every 5 K, and 
atmospheric pressure. All the experimental results for the binary systems presented were 
satisfactorily correlated using the NRTL model. 
First of all, preliminary solubility studies were carried out at T = (283.15, 298.15 and 
333.15) K and atmospheric pressure. The effect of the temperature on the LLE data is rather 
small, although the results showed that the solubility of all the aromatics used in this work 
in the two ammonium-based ILs increases when the temperature is increased; moreover, an 
increase in the temperature leads to a decrease in the solubility of the aromatics in the 
remaining ILs, imidazolium, pyridinium and pyrrolidinium-based ILs. 
The results obtained in the study of the experimental binary LLE data allowed to analyse 
the influence of temperature, the effect of the structural characteristics of the aromatic 
hydrocarbons and the role of the anion and of the cation of the ILs on the phase behaviour. 
Analysing the influence of the structure of the aromatic hydrocarbon on the phase 
equilibrium it can be concluded that the presence of one substituent as well as an increase in 
the alkyl chain length of the substituent on the benzene ring leads to a decrease in the 
solubility of the aromatic hydrocarbon, being the followed order: benzene > toluene > 
ethylbenzene. Otherwise, the relative position of the two methyl groups in the xylene isomers 
94 
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implied small differences among the solubilities of the xylene isomers being o-xylene the 
most soluble xylene isomer in all the studied ILs. 
Moreover, the solubility sequence observed in the studied ionic liquids follows the order: 
benzene > toluene > o-xylene > ethylbenzene > m-xylene > p-xylene.  
Regarding the effect of the anion nature, it can be drawn that the aromatic hydrocarbons 
are more soluble in the ILs with [NTf2]- anion than in those with the [DCA]-, [TfO]- and 
[ESO4]- anions. 
When analysing the influence of the cation structure of the ionic liquid on the solubility 
of the aromatic hydrocarbons, an increase in the alkyl chain length of the cation leads to an 
increase in the solubility of all the aromatics in the studied ILs. Furthermore, it can be drawn 
that the solubility of the aromatics are higher in the ionic liquid [EMpy][NTf2] than in its 
imidazolium-based homologue. Finally, the results obtained comparing the binary systems 
involving the ammonium-based ILs and [BMpyr][NTf2] showed that the effect of the 
structure of the substituents of the ammonium-cation is more notable than the change of the 
cation nature; the higher solubilities for all aromatics are found for the systems involving 
[N4441][NTf2]. 
Therefore, it can be drawn that both the size of the cation and the aromatic character of 
the ILs play an important role in the solubility of the aromatic hydrocarbons in the 
investigated ionic liquids, since the highest solubilities of all the aromatic hydrocarbons are 
obtained using the ILs [HMim][NTf2] and [N4441][NTf2] while the lowest ones are found 
when the ionic liquid used is [EMpy][ESO4].  
Finally, the comparison between the experimental solubility data and those found in 





4.2. Ternary systems 
In this section, the capability of 5 ionic liquids as extraction agents of benzene from its 
mixtures with octane, decane and dodecane is analysed through the experimental liquid-
liquid equilibrium determination of 17 ternary systems at several temperatures and 
atmospheric pressure.  
The 5 ionic liquids selected to perform the study of the LLE of the ternary systems were: 
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [BMpyr][NTf2], 1-butyl-
1-methylpyrrolidinium trifluoromethanesulfonate, [BMpyr][TfO], 1-butyl-1-
methylpyrrolidinium dicyanamide, [BMpyr][DCA], butyltrimethylammonium 
bis(trifluoromethylsulfonyl)imide, [N4111][NTf2] and tributylmethylammonium 
bis(trifluoromethylsulfonyl)imide, [N4441][NTf2]. This selection was made based on the 
results obtained from the study of the LLE of the binary systems, presented in the previous 
subchapter, since the studied aromatic hydrocarbons showed a significant solubility in them. 
Besides, other issues were considered, such as that the pyrrolidinium-based ILs present low 
viscosity and low melting points when combined with the [NTf2]-, [TfO]- and [DCA]- 
anions1,2,3,4,5; both the pyrrolidinium and the ammonium-based ILs present lower toxicity in 
comparison with the imidazolium and pyridinium-based ILs6,7,8,9,10, and, last but not least, 
because their application as extraction agents has been hardly studied in literature up to date.  
Furthermore, benzene was chosen as the aromatic compound of interest since it showed 
the highest solubility in all the investigated ILs in the binary systems presented in the 
previous study and because it is an important chemical raw material for the production of 
many different chemical compounds11.  
Finally, due to the fact that the aliphatic hydrocarbons present in naphta range from C4 to 
C1212 and the shorter chain length hydrocarbons have been extensively studied over the last 
                                                            
1 Corderí S., Calvar N., Gómez E., Domínguez Á., Fluid Phase Equilibr. 315 (2012) 46-52 
2 Marsh K.N., Boxall J.A., Lichtenthaler R., Fluid Phase Equilibr. 219 (2004) 93-98 
3 García J., Torrecilla J.S., Fernández A., Oliet M., F. Rodríguez, J. Chem. Thermodyn. 42 (2010) 144-150 
4 MacFarlane D.R., Golding J., Forsyth S., Forsyth M., Deacon G.B., Chem. Commun. 16 (2001) 1430-1431 
5 Marciniak A., Karczemna E., J. Phys. Chem. B. 114 (2010) 5470-5474 
6 Petkovic M., Seddon K.R., Rebelo L.P.N., Silva Pereira C., Green Chem. 40 (2011) 1383-1403 
7 Frade R.F.M., Rosatella A.A., Marques C.S., Branco L.C., Kulkarni P.S., Mateus N.M.M., Afonso C.A.M.,  
Duarte C.M.M., Green Chem. 11 (2009) 1660-1665 
8 Álvarez-Guerra M., Irabien A., Green Chem. 13 (2011) 1507-1516 
9 Salminen J., Papaiconomou N., Kumar R.A., Lee J-M., Kerr J., Newman J., Prausnitz J.M., Fluid Phase Equilibr. 261 
(2007) 421-426 
10 Thuy Pham T.P., Cho C.-W., Yun Y.-S., Water Res. 44 (2010) 352-372 
11 Zhou T., Wang Z., Chen L., Ye Y., Qi Z., Freund H., Sundmacher K., J. Chem. Thermodyn. 48 (2012) 145–149 
12 Dyke K.V., Fundamentals of Petroleum, 4th Ed., University of Texas, Austin, 1997 
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years, the long chain aliphatic hydrocarbons octane, decane and dodecane were selected to 
study the extraction of benzene. 
Therefore, 15 ternary systems were determined at T = 298.15 K and atmospheric pressure, 
and the ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} was undertaken at         
T = (298.15, 308.15 and 318.15) K and atmospheric pressure. A summary of the ternary 
systems studied in this section together with their names is presented in Table 4.2.1. 

































14 octane 308.15 
15 octane 318.15 
16 decane 298.15 
17 dodecane* 298.15 
* determination of the phase compositions using GC-MS, and for the remaining systems using 




With the experimental LLE data of the ternary systems presented in this subchapter, 
different influences on the extraction of benzene can be analysed: 
 The influence of the temperature on the extraction of benzene from octane in the ternary 
systems {octane (1) + benzene (2) + [N4441][NTf2] (3)}. 
 The effect of the alkyl chain length of the aliphatic hydrocarbons on the separation 
process. 
 The role of the anion of the ionic liquid on the phase equilibrium of the ternary systems 
involving [BMpyr][NTf2], [BMpyr][TfO] and [BMpyr][DCA] as solvents. 
 The influence of the structure of the cation of the ionic liquid on the separation of 
benzene in the ternary systems containing [BMpyr][NTf2], [N4111][NTf2] and 
[N4441][NTf2]. 
The study of all the commented influences are discussed in terms of the characteristic 
parameters of the extraction: the solute distribution ratio, β, and the selectivity, S. These 
parameters are widely used to characterize the suitability of a solvent in the liquid-liquid 
extraction and their calculation is made from the composition of the experimental tie-lines. 
Subsequently, all the ternary systems were correlated using the Non-Random Two-Liquid 
thermodynamic model1. 
At the end of this subchapter, a comparison of the calculated values of β and S from 
experimental LLE data of the studied ternary systems with those found in literature for the 
systems {octane or decane or dodecane (1) + benzene (2) + entrainer (3)} is presented. 
 
                                                            
1 Renon H., Prausnitz J.M., J. AlChE. 14 (1968) 135-144 
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4.2.1. Experimental procedure  
In this section, the experimental procedure for the LLE determination of the ternary 
systems involving ionic liquid as entrainers is described in detail.  
Due to that the purity of the chemicals used in the ternary systems is an important factor 
to consider in the LLE determination, the aliphatic hydrocarbons and benzene were degassed 
prior to their use and the ionic liquids were subjected to vacuum at T = 323.15 K under 
vacuum (p = 0.2 Pa) for at least 48 hours as it was described in section 2.2. 
Moreover, the compositions of the experimental tie-lines of the ternary systems 
{dodecane (1) + benzene (2) + ionic liquid (3)} and of the ternary system {decane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure were obtained 
using gas chromatography–mass spectrometry (GC-MS). Otherwise, the LLE data for the 
remaining ternary systems were obtained by means of the previous determination of the 
solubility curves by the “cloud point” method1 and the determination of the tie-lines 
compositions using density measurements. Following, these experimental procedures are 
described. 
Previously to the determination of the LLE, a study of the solubility of the studied 
hydrocarbons in the ILs were performed at the same temperature and pressure conditions 
than those used for the LLE determination. Since the aliphatic hydrocarbons and benzene 
are completely soluble in all proportions and one drop of the ionic liquid was not dissolved 
in any of the binary mixtures {aliphatic hydrocarbon + benzene}.  
This procedure was based on the “cloud point” method. For this, 3 mL of ionic liquid 
were placed into a vial, this was weighed and introduced into a thermostatic water bath to 
ensure that the measurement of the solubility was carried out at the required temperature. 
Then, the corresponding hydrocarbon was slowly added while the vial was vigorously stirred 
in order to achieve a complete contact between the two compounds. When the binary mixture 
became slightly turbid, the mixture was weighed again to determine the final composition of 




1 Letcher T.M., Siswana P.M., Fluid Phase Equilibr. 74 (1992) 203-217 
99 
                                                            
Chapter 4 
100 
The solubilities of benzene and of the aliphatic hydrocarbons in the corresponding ionic 
liquid, points A and B, respectively, in Figure 4.2.1.1., provide an important information 
about the ternary systems since they are two of the limits of the borderline between the 
miscible and immiscible region in the ternary diagram, as it can be observed in the mentioned 
figure.  
 
Figure 4.2.1.1. Scheme of the solubility points A and B 
A summary of the solubilities of octane, decane, dodecane and benzene in the tested ILs 
(points A and B) in mole fraction of the corresponding hydrocarbon at the indicated 
temperature and atmospheric pressure are presented in Table 4.2.1.1. 
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Table 4.2.1.1. Solubility of the corresponding aliphatic hydrocarbon and benzene in the studied ILs 
in mole fraction  
IL T / K xaliphatic hydrocarbon xbenzene 
[BMpyr][NTf2] 298.15 
xoctane = 0.042 
0.810 xdecane = 0.023 
xdodecane = 0.004 
[BMpyr][TfO] 298.15 
xoctane = 0.016 
0.727 xdecane = 0.012 
xdodecane = 0.002 
[BMpyr][DCA] 298.15 
xoctane = 0.010 
0.709 xdecane = 0.008 
xdodecane = 0.004 
[N4111][NTf2] 298.15 
xoctane = 0.039 
0.757 xdecane = 0.021 
xdodecane = 0.007 
[N4441][NTf2] 
298.15 xoctane = 0.093 0.858 
308.15 xoctane = 0.119 0.858 
318.15 xoctane = 0.131 0.862 
298.15 
xdecane = 0.044 0.858 
xdodecane = 0.019 
 
It can be observed octane, decane and dodecane are partially soluble in the 5 investigated 
ILs. The solubilities of the aliphatic hydrocarbons show that an increase in the chain length 
of the aliphatic hydrocarbon leads to a decrease in their solubility in the ILs.  
On the other hand, the solubility of benzene is much higher than the solubility of the 
aliphatic hydrocarbons in the studied ILs, as it has also been observed by many researchers 
in other ionic liquid-hydrocarbon binary systems1,2,3.  
In general terms, the solubilities of the aliphatic hydrocarbons and benzene in the tested 
ILs follow the order: [N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2] > [BMpyr][TfO] > 
[BMpyr][DCA], with the exception of the solubility of dodecane which follows the order: 
1 Marciniak A., Karczemna E., J Phys Chem B. 114 (2010) 5470-5474 
2 Marciniak A., Karczemna E., Fluid Phase Equilibr. 304 (2011) 121-124 
3 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 5279-
5294 
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[N4441][NTf2] > [N4111][NTf2] > [BMpyr][NTf2] ≈ [BMpyr][DCA] > [BMpyr][TfO]. The 
solubilities are highly ionic liquid anion dependent1,2,3 being the obtained in order: [NTf2]- 
> [TfO]- > [DCA]-.  
In addition, the influence of the structure of the cation of the ionic liquid on the solubility 
of the studied hydrocarbons can be analysed. The ionic liquid [N4441][NTf2] presented the 
highest solubilities of the aliphatic hydrocarbons, since the ILs with ions containing longer 
alkyl chains in their structure show better capability of solubilizing aliphatic hydrocarbons4. 
Moreover, it is noteworthy that the structure of the substituents of the ammonium-based ILs 
has more influence on the solubility of the studied hydrocarbons than the nature of the cation 
of the ionic liquid, i.e., the change of pyrrolidinium cation by ammonium. 
Finally, the analysis of the influence of the temperature on the solubility of octane in the 
ionic liquid [N4441][NTf2] shows that an increase in the temperature leads to an increase in 
the solubility of octane in the indicated ionic liquid. 
─ Liquid-liquid equilibrium determination  
Once the points A and B were determined, the experimental tie-lines determination for 
all the studied ternary systems was performed. For that purpose, an immiscible mixture of 
the three compounds of the studied ternary systems were introduced into glass equilibrium 
cells. The compositions of the three compound were carefully chosen to get well-distributed 
tie-lines completely covering the immiscible region. The ternary mixtures were prepared by 
weighing under inert atmosphere to avoid moisture absorption. Furthermore, the volume of 
the two phases generated was also taken into account to make the phase collection easier. 
Afterwards, the glass equilibrium cells were sealed with rubber covers in order to prevent 
losses by evaporation or moisture absorption. Then, the cells were placed in a methacrylate 
container connected to a thermostatic water bath and mixtures were vigorously stirred for at 
least 5 hours to ensure a complete contact between both phases. The temperature was 
maintained at the temperature at which the LLE determination was performed. This 
experimental setup was shown previously in Figure 4.1.1.1.  
1 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 50 (2011) 5279-
5294 
2 Calvar N., Domínguez I., Gómez E., Palomar J., Domínguez Á., J. Chem. Thermodyn. 67 (2013) 5-12 
3 Calvar N., Domínguez I., Gómez E., Domínguez Á., Chem. Eng. J. 175 (2011) 213-221 
4 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 51 (2012) 3483-
3507 
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After 5 hours, the stirring was stopped and mixtures were allowed to settle overnight to 
ensure the complete split of the phases. The time protocol, i.e. the time of stirring and of 
settling, was optimised through preliminary tests which showed that the chosen times were 
enough to allow an intimate contact between the two phases and to guarantee that the 
equilibrium was completely reached.  
After the phase separation, samples of the upper and lower phases were collected and 
they were analysed to determine their composition using the corresponding method.  
As it was commented above, two different procedures were used to determine the tie-
lines compositions. The tie-lines compositions of most of the ternary systems were obtained 
by means of the previous determination of the solubility curves by the “cloud point” method 
and the subsequent determination of the tie-lines compositions using density measurements.  
However, due to the low solubility of dodecane in the studied ILs and of decane in the 
ionic liquid [BMpyr][DCA] at T = 298.15 K and atmospheric pressure, the determination of 
the phase compositions by density measurements and solubility curves cannot be used, since 
this method does not allow the calculation of the compositions of the tie-lines with enough 
accuracy given that one drop of the aliphatic hydrocarbon turns the binary mixture {aliphatic 
hydrocarbon + ionic liquid} completely turbid.  
For this reason, the phase compositions of the these systems containing dodecane as 
aliphatic hydrocarbon and of the system {decane (1) + benzene (2) + [BMpyr][DCA] (3)} 
were determined using a chromatographic method. 
Both procedures used to determine the compositions of the experimental tie-lines are 
described in detail below.  
─ Determination of the phase compositions using solubility curves and density 
measurements 
Prior to the LLE determination and knowing the solubilities of the hydrocarbons in the 
corresponding ionic liquid (points A and B in Figure 4.2.1.1.), the solubility curve was 
determined for each ternary system at the corresponding temperature and at atmospheric 
pressure using the “cloud point” method. A scheme of the solubility curve can be observed 
in Figure 4.2.1.2. 
Different binary mixtures of known composition of benzene and the corresponding ionic 




by weighing and placed into a thermostatic water bath until the required temperature was 
reached. Then, the corresponding aliphatic hydrocarbon was added drop by drop while the 
binary mixture was vigorously stirred until a slight turbidity in the samples was observed.  
This turbidity indicates that the borderline between the miscible and immiscible region 
has been reached. The ternary mixture was weighed to determine the compositions of the 
three compounds and the density was measured using a densimeter (Figure 2.1.1.1.).  
 
Figure 4.2.1.2. Scheme of the solubility curve 
Therefore, expressions for the density as a function of the composition were obtained for 
all the systems, which are shown in Table B1 provided in Appendix B. In these polynomial 
expressions the composition of the third component is written in terms of the other two to 
satisfy the mass balance. Given that the density is different for each point of the solubility 
curve (due to the trend of the density isolines), one property is enough to determine the 
composition of the IL-rich phase samples. 
To estimate the error of the technique used for the determination of the solubility curves, 
three validation points were evaluated, being the maximum error obtained of ±0.007 in mole 
fraction. The compositions and densities of the validation points are given in Table B2 in 
Appendix B. 
Liquid-liquid extraction using ILs 
For the IL-rich phase (lower phase), the composition was determined using the above 
mentioned polynomial expression. In the case of the aliphatic hydrocarbon-rich phase (upper 
phase), its composition was calculated using the density curves of the corresponding binary 
system {aliphatic hydrocarbon (1) + benzene (2)}. Since the ILs studied are not miscible in 
the hydrocarbons used in this chapter, their presence in the hydrocarbon-rich phase was 
neglected; this absence was checked by 1H-NMR. The density curves of the binary system 
{octane (1) + benzene (2)} at T = 298.15 K was taken from literature1, and the binary systems 
{octane (1) + benzene (2)} at T = (308.15 and 318.15) K and {decane (1) + benzene (2)} at 
T = 298.15 K were experimentally determined and they are presented in Table B3 given in 
Appendix B.  
─ Determination of the phase compositions using the chromatographic method 
As it has already been commented, the analyses of the tie-line compositions of the ternary 
systems containing dodecane and the system with decane as aliphatic hydrocarbon and 
[BMpyr][DCA] as entrainer were carried out using gas chromatography-mass spectrometry. 
The chromatographic method requires a previous calibration to relate the analytical signal 
obtained by the equipment with the concentration of the compounds in the samples. The 
internal standard method was used since the injection was done manually. This calibration 
method allows the analysis of the concentration of analytes to be independent of the injection 
volume. The chosen internal standard was nonane because it presents similar structural 
characteristics to the interest compounds and elutes near to them. Furthermore, acetone was 
used to dilute the samples and to maintain a homogeneous mixture. Splitless injection was 
used since this way the entire sample reaches the column, increasing the sensitivity of the 
analysis and avoiding injection problems.  
Moreover, the GC was equipped with an injector liner filled with quartz glass to prevent 
the column contamination with the ionic liquid and a pre-column to collect the ionic liquid 
that could have not been retained by the liner and to avoid the fouling of the column by the 
ionic liquid. A summary of the chromatographic operation parameters was already presented 
in section 2.1.6.  
Owing to the fact that ILs have negligible vapour pressure, they cannot be analysed by 
GC; thus, only the aliphatic hydrocarbon and benzene were analysed. For a ternary mixture, 
1 González E.J., Calvar N., Gómez E., Domínguez Á., J. Chem. Thermodyn. 42 (2010) 104-109 
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only two components need to be analysed, thereupon the ionic liquid composition was 
calculated by difference.  
All the samples were injected in duplicate and the average value was calculated. To obtain 
the error of the technique used for the determination of the compositions, ternary mixtures 
of known composition were prepared by mass. These mixtures were analysed with the 
chromatographic method and their values were compared with those obtained by mass. This 
comparison showed that the largest deviation of the phase composition was ±0.004 in mole 
fraction. The compositions of the validation points are shown in Table B4 in the Appendix 
B. 
 
4.2.2. Experimental data 
In this section, the experimental LLE data of 17 ternary systems {aliphatic hydrocarbon 
(1) + benzene (2) + IL (3)} at several temperatures and atmospheric pressure are presented.  
The ternary systems involving octane, decane, or dodecane as aliphatic hydrocarbon and 
[BMpyr][NTf2], [BMpyr][TfO], [BMpyr][DCA], [N4111][NTf2], or [N4441][NTf2] as ionic 
liquid were performed at T = 298.15 K and atmospheric pressure. In this way, the influence 
of the structure of the aliphatic hydrocarbons and of the ionic liquids on the extraction of 
benzene can be analysed. Furthermore, the LLE of the ternary system {octane (2) + benzene 
(3) + [N4441][NTf2] (3)} was undertaken at T = (308.15 and 318.15) K and atmospheric 
pressure in order to study the influence of the temperature on the extraction of benzene from 
octane. A summary of all the ternary systems presented in this section is available in Table 
4.2.1., at the beginning of this subchapter. 
The feasibility of the studied ionic liquids to perform the extraction of benzene from 
mixtures with octane or decane or dodecane was evaluated using the solute distribution ratio, 
β, and the selectivity, S. These parameters were calculated from the experimental 
compositions of the tie-lines according to the following equations: 
𝛽𝛽 = 𝑥𝑥2II
𝑥𝑥2




II�     (4.2.2.2.) 
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where x is the mole fraction and w is the mass fraction, superscripts I and II indicate the 
upper (aliphatic hydrocarbon-rich phase) and lower (ionic liquid-rich phase) phase, 
respectively, and subscripts 1 and 2 refer to the corresponding aliphatic hydrocarbon and 
benzene, respectively.  
Finally, all the studied ternary systems were correlated using the NRTL thermodynamic 
model. 
The experimental LLE data of the 17 ternary systems are presented in the following 
figures and tables, which follow the order explained below. 
In Tables 4.2.2.Y.X., the experimental LLE data in mole fraction together with the 
calculated values of solute distribution ratio in mole fraction, β, and the selectivity, S, are 
shown when Y = 1, and the binary interaction parameters, ∆gij, the non-randomness 
parameter, αij, and the root-mean-square deviations of the compositions, σx, for the 
corresponding correlation with the NRTL model are displayed when Y = 2. 
In Figures 4.2.2.Y.X., the tie-lines obtained from the experimental LLE and those 
calculated with the NRTL model are shown when Y=1 and the β and S values as a function 
of the mole fraction of benzene in the upper phase are depicted when Y = 2. 
For all the presented tables and figures X means the corresponding studied ternary system 





Table 4.2.2.1.1. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {octane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.985 0.015  0.041 0.037  2.40 57.62 
0.950 0.050  0.039 0.109  2.18 52.79 
0.910 0.090  0.039 0.178  1.98 46.15 
0.820 0.180  0.039 0.286  1.59 33.11 
0.698 0.302  0.043 0.399  1.32 21.65 
0.595 0.405  0.041 0.476  1.18 17.26 
0.494 0.506  0.037 0.556  1.10 14.80 
0.388 0.612  0.030 0.632  1.03 13.13 
0.272 0.728  0.024 0.700  0.96 11.09 
0.139 0.861  0.014 0.773  0.90 8.89 
 


























Figure 4.2.2.1.1. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model  
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Table 4.2.2.2.1. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 9.070 -3.395 0.10 0.114 
1-3 56.34 2.691   





Figure 4.2.2.2.1. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [BMpyr][NTf2] (3)} 
















































Table 4.2.2.1.2. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {decane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.974 0.026  0.025 0.050  1.92 75.22 
0.894 0.106  0.025 0.172  1.63 58.30 
0.794 0.206  0.024 0.275  1.33 44.97 
0.677 0.323  0.023 0.388  1.20 34.73 
0.577 0.423  0.026 0.473  1.12 24.91 
0.473 0.527  0.026 0.547  1.04 18.94 
0.350 0.650  0.024 0.622  0.96 14.02 
0.227 0.773  0.020 0.685  0.89 9.86 
0.137 0.863  0.016 0.734  0.85 7.26 
 


























Figure 4.2.2.1.2. Experimental and calculated LLE tie-lines of the ternary system {decane (1) + 
benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model 
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Table 4.2.2.2.2. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {decane (1) + benzene 
(2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -8.032 12.72 0.10 0.117 
1-3 93.43 7.780   




Figure 4.2.2.2.2. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {decane (1) + benzene (2) + [BMpyr][NTf2] (3)} 

















































Table 4.2.2.1.3. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {dodecane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.963 0.037  0.008 0.057  1.55 184.24 
0.905 0.095  0.009 0.128  1.34 136.04 
0.824 0.176  0.009 0.220  1.25 116.78 
0.724 0.276  0.009 0.321  1.16 97.64 
0.636 0.364  0.009 0.405  1.11 77.34 
0.510 0.490  0.009 0.510  1.04 61.63 
0.416 0.584  0.009 0.578  0.99 44.38 
0.266 0.734  0.009 0.649  0.88 25.64 
0.083 0.917  0.007 0.745  0.81 10.08 
 


























Figure 4.2.2.1.3. Experimental and calculated LLE tie-lines of the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model  
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Table 4.2.2.2.3. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -1.522 7.535 0.10 0.079 
1-3 53.94 6.105   




Figure 4.2.2.2.3. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {dodecane (1) + benzene (2) + [BMpyr][NTf2] 









































Table 4.2.2.1.4. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {octane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.972 0.028  0.022 0.030  1.07 46.61 
0.864 0.136  0.032 0.138  1.02 27.94 
0.754 0.246  0.030 0.234  0.95 23.57 
0.636 0.364  0.025 0.337  0.93 23.16 
0.524 0.476  0.029 0.416  0.87 16.03 
0.400 0.600  0.021 0.494  0.82 16.04 
0.271 0.729  0.015 0.571  0.78 14.33 
0.139 0.861  0.009 0.640  0.74 10.97 
0.069 0.931  0.006 0.681  0.73 8.35 
 


























Figure 4.2.2.1.4. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [BMpyr][TfO] (3)} at T = 308.15 K and atmospheric pressure, ( ):experimental;  
( ): calculated using the NRTL model  
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Table 4.2.2.2.4. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 3.995 -6.297 0.10 0.090 
1-3 39.75 1.405   




Figure 4.2.2.2.4. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [BMpyr][TfO] (3)} at 












































Table 4.2.2.1.5. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {decane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.977 0.023  0.011 0.031  1.34 118.70 
0.922 0.078  0.010 0.081  1.03 94.29 
0.875 0.125  0.009 0.124  1.00 92.20 
0.774 0.226  0.009 0.216  0.95 83.45 
0.684 0.316  0.009 0.284  0.90 69.91 
0.578 0.422  0.009 0.372  0.88 55.71 
0.423 0.577  0.010 0.478  0.83 35.48 
0.334 0.666  0.010 0.526  0.79 25.97 
0.210 0.790  0.010 0.597  0.76 15.50 
0.138 0.862  0.009 0.650  0.75 11.16 
 


























Figure 4.2.2.1.5. Experimental and calculated LLE tie-lines of the ternary system {decane (1) + 
benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;  
( ): calculated using the NRTL model  
Liquid-liquid extraction using ILs 
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Table 4.2.2.2.5. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {decane (1) + benzene 
(2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -11.12 15.81 0.10 0.102 
1-3 4.956 7.923   




Figure 4.2.2.2.5. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {decane (1) + benzene (2) + [BMpyr][TfO] (3)} 











































Table 4.2.2.1.6. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {dodecane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.973 0.027  0.002 0.028  1.04 478.20 
0.917 0.083  0.002 0.099  1.19 491.79 
0.848 0.152  0.003 0.177  1.17 360.08 
0.760 0.240  0.003 0.258  1.07 252.17 
0.623 0.377  0.004 0.367  0.98 137.33 
0.469 0.531  0.003 0.462  0.87 129.30 
0.346 0.654  0.003 0.542  0.83 108.63 
0.218 0.782  0.004 0.635  0.81 47.57 
0.101 0.899  0.003 0.684  0.76 26.47 
 


























Figure 4.2.2.1.6. Experimental and calculated LLE tie-lines of the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;  
( ): calculated using the NRTL model  
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Table 4.2.2.2.6. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -11.84 19.57 0.10 0.113 
1-3 60.93 15.43   




Figure 4.2.2.2.6. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {dodecane (1) + benzene (2) + [BMpyr][TfO] (3)} 










































Table 4.2.2.1.7. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {octane (1) + benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.979 0.021  0.010 0.028  1.35 133.45 
0.937 0.063  0.009 0.074  1.17 124.72 
0.867 0.133  0.009 0.139  1.04 106.02 
0.783 0.217  0.009 0.219  1.01 91.11 
0.657 0.343  0.009 0.321  0.94 69.81 
0.549 0.451  0.008 0.405  0.90 62.31 
0.415 0.585  0.006 0.490  0.84 56.98 
0.286 0.714  0.004 0.559  0.78 52.20 
0.180 0.820  0.003 0.612  0.75 49.23 
0.083 0.917  0.001 0.663  0.72 52.30 
 


























Figure 4.2.2.1.7. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model  
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Table 4.2.2.2.7. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -3.530 -0.462 0.10 0.038 
1-3 48.12 5.492   




Figure 4.2.2.2.7. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [BMpyr][DCA] (3)} 










































Table 4.2.2.1.8. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {decane (1) + benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.954 0.046  0.003 0.063  1.35 447.34 
0.905 0.095  0.003 0.114  1.20 361.47 
0.850 0.150  0.003 0.171  1.14 293.89 
0.774 0.226  0.003 0.237  1.05 240.45 
0.689 0.311  0.003 0.299  0.96 212.87 
0.536 0.464  0.003 0.409  0.88 175.40 
0.420 0.580  0.002 0.490  0.84 169.26 
0.315 0.685  0.001 0.535  0.78 165.79 
0.210 0.790  0.001 0.614  0.78 135.74 
0.099 0.901  0.001 0.672  0.75 72.77 
 


























Figure 4.2.2.1.8. Experimental and calculated LLE tie-lines of the ternary system {decane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at T = 308.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model  
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Table 4.2.2.2.8. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {decane (1) + benzene 
(2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -10.41 8.816 0.10 0.059 
1-3 25.13 5.618   




Figure 4.2.2.2.8. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {decane (1) + benzene (2) + [BMpyr][DCA] (3)} 









































Table 4.2.2.1.9. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {dodecane (1) + benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.954 0.046  0.001 0.051  1.12 827.50 
0.910 0.090  0.001 0.089  0.99 721.51 
0.807 0.193  0.001 0.149  0.77 474.85 
0.702 0.298  0.001 0.221  0.74 396.44 
0.590 0.410  0.001 0.337  0.82 346.31 
0.427 0.573  0.002 0.416  0.73 186.16 
0.322 0.678  0.002 0.524  0.77 156.26 
0.213 0.787  0.001 0.592  0.75 119.91 
0.073 0.927  0.002 0.659  0.71 25.06 
 


























Figure 4.2.2.1.9. Experimental and calculated LLE tie-lines of the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental; 
( ): calculated using the NRTL model  
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Table 4.2.2.2.9. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {dodecane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -3.865 12.93 0.10 0.048 
1-3 146. 5 17.35   




Figure 4.2.2.2.9. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper-phase for the ternary system {dodecane (1) + benzene (2) + [BMpyr][DCA] 











































Table 4.2.2.1.10. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {octane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.959 0.041  0.033 0.056  1.36 39.86 
0.897 0.103  0.025 0.126  1.21 43.33 
0.847 0.153  0.025 0.177  1.15 38.69 
0.797 0.203  0.028 0.225  1.11 31.91 
0.745 0.255  0.030 0.271  1.06 26.11 
0.691 0.309  0.033 0.318  1.03 21.76 
0.650 0.350  0.034 0.355  1.02 19.45 
0.583 0.417  0.034 0.406  0.95 16.60 
0.524 0.476  0.034 0.448  0.94 14.72 
0.460 0.540  0.032 0.488  0.90 12.95 
0.372 0.628  0.029 0.542  0.86 11.14 
0.275 0.725  0.029 0.588  0.82 7.66 
0.201 0.799  0.019 0.629  0.81 8.37 
0.141 0.859  0.016 0.673  0.78 7.12 
0.072 0.928  0.009 0.719  0.78 5.96 
 


























Figure 4.2.2.1.10. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.10. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -9.638 13.35 0.10 0.138 
1-3 123.8 8.944   




Figure 4.2.2.2.10. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [N4111][NTf2] (3)} 
at T = 298.15 K and atmospheric pressure 
x2
I






































Table 4.2.2.1.11. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {decane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.985 0.015  0.024 0.021  1.44 58.41 
0.937 0.063  0.026 0.084  1.34 48.55 
0.869 0.131  0.027 0.161  1.23 39.59 
0.762 0.238  0.027 0.248  1.04 29.98 
0.592 0.408  0.023 0.380  0.93 24.12 
0.516 0.484  0.020 0.437  0.90 22.87 
0.401 0.599  0.017 0.516  0.86 20.85 
0.282 0.718  0.012 0.590  0.82 18.61 
0.157 0.843  0.007 0.678  0.80 17.36 
0.090 0.910  0.005 0.721  0.79 15.83 
 


























Figure 4.2.2.1.11. Experimental and calculated LLE tie-lines of the ternary system {decane (1) + 
benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.11. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {decane (1) + benzene 
(2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -9.342 9.849 0.10 0.057 
1-3 10.41 2.501   




Figure 4.2.2.2.11. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {decane (1) + benzene (2) + [N4111][NTf2] (3)} 
at T = 298.15 K and atmospheric pressure 
x2
I







































Table 4.2.2.1.12. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {dodecane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.900 0.100  0.006 0.097  0.97 134.95 
0.857 0.143  0.007 0.137  0.96 125.88 
0.774 0.226  0.007 0.212  0.94 103.99 
0.698 0.302  0.007 0.278  0.92 91.31 
0.625 0.375  0.007 0.340  0.91 84.92 
0.549 0.451  0.007 0.400  0.89 70.77 
0.411 0.589  0.006 0.506  0.86 58.26 
0.297 0.703  0.005 0.580  0.83 47.39 
0.146 0.854  0.005 0.662  0.77 22.61 
0.071 0.929  0.005 0.694  0.75 11.78 
 


























Figure 4.2.2.1.12. Experimental and calculated LLE tie-lines of the ternary system {dodecane (1) + 
benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.12. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {dodecane (1) + 
benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -9.523 15.50 0.10 0.117 
1-3 21.57 3.294   




Figure 4.2.2.2.12. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {dodecane (1) + benzene (2) + [N4111][NTf2] 
(3)} at T = 298.15 K and atmospheric pressure 
x2
I











































Table 4.2.2.1.13. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.970 0.030  0.091 0.092  3.07 32.59 
0.933 0.067  0.089 0.169  2.53 26.55 
0.833 0.167  0.089 0.300  1.80 16.75 
0.727 0.273  0.081 0.418  1.53 13.84 
0.627 0.373  0.071 0.510  1.37 12.09 
0.520 0.480  0.074 0.579  1.21 8.45 
0.401 0.599  0.063 0.638  1.07 6.83 
0.271 0.729  0.052 0.705  0.97 5.00 
0.138 0.862  0.046 0.758  0.88 2.63 
0.068 0.932  0.028 0.809  0.87 2.08 
 


























Figure 4.2.2.1.13. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;       
( ): calculated using the NRTL model  
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Table 4.2.2.2.13. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -5.636 11.58 0.10 0.231 
1-3 98.78 5.453   




Figure 4.2.2.2.13. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} 
at T = 298.15 K and atmospheric pressure 
x2
I







































Table 4.2.2.1.14. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 308.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.986 0.014  0.119 0.030  2.11 17.55 
0.925 0.075  0.112 0.145  1.94 16.06 
0.836 0.164  0.100 0.277  1.69 14.05 
0.726 0.274  0.093 0.396  1.45 11.32 
0.620 0.380  0.083 0.499  1.31 9.76 
0.510 0.490  0.077 0.557  1.14 7.56 
0.402 0.598  0.067 0.626  1.05 6.25 
0.276 0.724  0.056 0.693  0.96 4.67 
0.172 0.828  0.045 0.760  0.92 3.52 
0.070 0.930  0.023 0.801  0.86 2.58 
 


























Figure 4.2.2.1.14. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 308.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.14. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [N4441][NTf2] (3)} at T = 308.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -4.188 8.175 0.10 0.149 
1-3 92.52 3.976   




Figure 4.2.2.2.14. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} 
at T = 308.15 K and atmospheric pressure 
x2
I





































Table 4.2.2.1.15. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 318.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.952 0.048  0.112 0.110  2.30 19.66 
0.900 0.100  0.103 0.186  1.86 16.20 
0.839 0.161  0.101 0.269  1.68 13.97 
0.735 0.265  0.093 0.384  1.45 11.49 
0.639 0.361  0.084 0.470  1.30 9.90 
0.538 0.462  0.076 0.543  1.18 8.37 
0.421 0.579  0.062 0.646  1.12 7.55 
0.307 0.693  0.054 0.702  1.01 5.77 
0.137 0.863  0.034 0.812  0.94 3.85 
0.067 0.933  0.019 0.833  0.89 3.17 
 


























Figure 4.2.2.1.15. Experimental and calculated LLE tie-lines of the ternary system {octane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 318.15 K and atmospheric pressure, ( ):experimental;       
( ): calculated using the NRTL model  
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Table 4.2.2.2.15. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {octane (1) + benzene 
(2) + [N4441][NTf2] (3)} at T = 318.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -6.303 12.87 0.10 0.262 
1-3 107.9 5.484   




Figure 4.2.2.2.15. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {octane (1) + benzene (2) + [N4441][NTf2] (3)} 
at T = 318.15 K and atmospheric pressure 
x2
I






































Table 4.2.2.1.16. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {decane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.982 0.018  0.046 0.050  2.73 57.77 
0.905 0.095  0.040 0.182  1.92 43.30 
0.839 0.161  0.039 0.261  1.63 35.25 
0.745 0.255  0.042 0.357  1.40 24.82 
0.646 0.354  0.051 0.449  1.27 15.96 
0.525 0.475  0.050 0.540  1.14 11.87 
0.407 0.593  0.046 0.617  1.04 9.23 
0.290 0.710  0.040 0.681  0.96 6.94 
0.156 0.844  0.029 0.759  0.90 4.79 
0.079 0.921  0.021 0.804  0.87 3.26 
 


























Figure 4.2.2.1.16. Experimental and calculated LLE tie-lines of the ternary system {decane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.16. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {decane (1) + benzene 
(2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -9.669 14.87 0.10 0.347 
1-3 1206 9.059   




Figure 4.2.2.2.16. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {decane (1) + benzene (2) + [N4441][NTf2] (3)} 
at T = 298.15 K and atmospheric pressure 
x2
I








































Table 4.2.2.1.17. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {dodecane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.935 0.065  0.023 0.090  1.38 55.30 
0.885 0.115  0.022 0.152  1.32 52.22 
0.787 0.213  0.019 0.256  1.20 49.06 
0.658 0.342  0.018 0.375  1.10 39.68 
0.546 0.454  0.016 0.466  1.03 34.76 
0.423 0.577  0.014 0.536  0.93 27.29 
0.292 0.708  0.012 0.610  0.86 20.40 
0.203 0.797  0.011 0.661  0.83 15.71 
0.094 0.906  0.009 0.723  0.80 8.04 
 


























Figure 4.2.2.1.17. Experimental and calculated LLE tie-lines of the ternary system {dodecane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure, ( ):experimental;      
( ): calculated using the NRTL model  
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Table 4.2.2.2.17. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {dodecane (1) + 
benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -6.348 12.91 0.10 0.069 
1-3 61.24 4.482   




Figure 4.2.2.2.17. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper-phase for the ternary system {dodecane (1) + benzene (2) + [N4441][NTf2] 











































The triangular diagrams are useful to get an idea at first glance about the change on the 
miscibility region and on the results of the extraction of benzene depending on the system. 
According to the classification proposed by Sørensen et al.1, all the ternary systems 
presented correspond to Type 2 category, in which two of the pairs of compounds exhibit 
partial miscibility and only one pair is miscible in the whole range of compositions, as it has 
already been discussed. 
Furthermore, all the studied ternary systems present solutropic behaviour, since the slopes 
of the experimental tie-lines shift along the triangular diagram2. The tie-lines of the ternary 
systems involving [BMpyr][NTf2] and [N4441][NTf2] present a change in the slope from 
positive to negative as the mole fraction of benzene in the feed increases, which means that 
the extraction of benzene would be more favourable at low compositions of benzene in the 
initial feed samples. Moreover, it is also observed that the positive slope of the tie-lines of 
the ternary systems involving octane as aliphatic hydrocarbon are more pronounced than 
those for the ternary systems containing decane or dodecane for both ionic liquids.  
On the other hand, the sign of the tie-lines for the remaining ternary systems changes 
from a very small value or even zero to negative when the composition of benzene increases. 
Hence, the extraction of benzene gets worse as the composition of benzene in the initial feed 
increases. 
In view of the results obtained and due to the fact that one of the requirements to be a 
suitable extraction solvent in the separation of aromatic and aliphatic hydrocarbons is for the 
aromatic hydrocarbons to present a high solubility in the solvent combined with a high 
selectivity and a low or null solubility of the aliphatic hydrocarbon in the solvent3, the studied 
ILs can be considered as possible extraction agents.  
In all the ternary systems the values of β decrease when the concentration of benzene in 
the upper phase increases.  
Regarding the selectivity, an increase of the concentration of benzene in the aliphatic 
hydrocarbon-rich phase leads to a decrease in the selectivities. Moreover, the selectivity 
values are much higher than the unity in all the ternary systems studied, especially at low 
concentrations of benzene, being the highest values of selectivity those obtained for the 
ternary systems involving [BMpyr][DCA]. These results are related to the low solubility of 
1 Sørensen J.M., Magnussen T., Rasmussen P., Fredenslund A., Fluid Phase Equilibr. 2 (1979) 297-309 
2 Novák J.P., Matouš J., Pick J., Liquid-liquid equilibria, Elsevier, Amsterdam, 1987 
3 Meindersma G.W., Hansmeier A.R., de Haan A.B., Ind. Eng. Chem. Res. 49 (2010) 7530-7540 
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all the aliphatic hydrocarbons in the ionic liquids and thus, a relative high purity of the 
extracted benzene.  
On the other hand, due to the low solubility of the studied aliphatic hydrocarbons in the 
used ILs their compositions in the IL-rich phase are very low, as it can be observed in Tables 
4.2.2.1.X. Thereupon, small variations in these compositions cause big changes in the values 
of the selectivity; for this reason, selectivity should be taken as a range. 
Finally, the experimental LLE compositions were correlated using the NRTL 
thermodynamic model. The values of the binary interaction parameters, ∆gij, the non-
randomness parameter, αij, as well as root-mean-square deviation of the composition, σx, 
are displayed in Tables 4.2.2.2.X. As it can be inferred from these tables, the NRTL model 
describes accurately the experimental values of the LLE, since the deviations obtained are 
quite small. The goodness of the correlation can also be visually confirmed in Figures 
4.2.2.1.X., where experimental and calculated data are shown.  
 
4.2.3. Discussion of the influences 
In this section the experimental LLE data for the ternary systems are analysed in terms of 
the influence of the temperature as well as the effect of the structure of the aliphatic 
hydrocarbons and the ionic liquids on the extraction of benzene from its mixtures with the 
studied aliphatic hydrocarbons.  
Due to the appreciable differences in the molar masses of the studied ILs requires the 
calculation of the solute distribution ratio to be performed using the mass fraction instead of 
the mole fraction in order to make a reliable analysis of the influences. It is important to note 
that the selectivity values are independent from the mole or mass basis, while the solute 
distribution ratio values calculated using mass fractions give an idea of the quantity of 
solvent needed for the extraction process.  
 
.2.3.1. Influence of the temperature 
The influence of the temperature on the phase equilibria of the ternary system {octane (1) 




Figure 4.2.3.1.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {octane (1) + benzene (2) + [N4441][NTf2] (3)} at 
T = (() 298.15, () 308.15 and () 318.15) K and atmospheric pressure 
The effect of the temperature on the separation of benzene from octane is rather small, 
since the values of the solute distribution ratio and the selectivity are quite similar at the 
three studied temperatures, which is in concordance with the results obtained for other 
ternary systems reported in literature1,2. Nevertheless, it is possible to observe that the values 
of the parameters of the extraction are slightly higher for the lower studied temperature. 
Taking these results into account, the extraction of benzene from its mixtures with the 
studied aliphatic hydrocarbons were performed at room temperature (and atmospheric 
pressure) since the energy requirements would be reduced.  
 
4.2.3.2. Influence of the aliphatic hydrocarbon 
In Figures 4.2.3.2.1. (a) and (b), the influence of the alkyl chain length of the aliphatic 
hydrocarbons (octane, decane and dodecane) on the extraction of benzene is shown through 
the variation of the solute distribution ratio and the selectivity.  
  
1 Arce A., Earle M.J., Rodríguez H., Seddon K.R., Green Chem. 9 (2007) 70-74 
2 Zhang J., Huang C., Chen B., Ren P., Lei Z., Energy Fuels 21 (2007) 1724-1730 
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Figure 4.2.3.2.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {aliphatic hydrocarbon (1) + benzene (2) + IL 


































































































































Figure 4.2.3.2.1. Continuation. Symbols: () octane, () decane and () dodecane 
As it can be inferred from Figures 4.2.3.2.1. (a), different behaviours of the variation of 
the solute distribution ratio are observed for the studied ternary systems. Consequently, an 
analysis in detail of the different behaviours is presented. 
For the ternary systems involving the ionic liquid [BMpyr][TfO], it is observed that an 
increase in the alkyl chain length of the aliphatic hydrocarbon leads to an increase in the 
values of β in the whole range of compositions of benzene in the aliphatic hydrocarbon-rich 
phase. The same trend is observed for the values of β calculated for the ternary systems 
containing [BMpyr][NTf2] and [BMpyr][DCA]. Although this is the general trend, the trend 
of the β values reverses at low and high compositions of benzene in the upper phase, 
following the order: octane > decane > dodecane. 
Comparing the values of β for the systems containing the ammonium-based ILs, different 
behaviours are observed for each ionic liquid. In the case of the ternary systems with 
[N4441][NTf2], the β values follow the order: octane > decane > dodecane in the whole range 
of compositions of benzene in the upper phase. Nevertheless, the trend followed by the solute 
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Liquid-liquid extraction using ILs 
distribution ratios for the ternary systems containing [N4111][NTf2] is: dodecane > decane > 
octane, although this trend changes at low and high compositions of benzene in the aliphatic 
hydrocarbon-rich phase. 
On the other hand, the selectivities show lower values when the chain length of the 
aliphatic hydrocarbon decreases in all the ternary systems, being the followed order: 
dodecane > decane > octane. This behaviour is the same as that obtained for the solubilities 
of the aliphatic hydrocarbons in the studied ILs. Besides, it is observed that in the ternary 
systems with the ammonium-based ILs and [BMpyr][NTf2] as entrainers, the values of the 
selectivities of the systems with octane and decane are quite similar.  
An issue to be highlighted after observing the Figures 4.2.3.2.1. (a) and (b), is that 
although the usual behaviour of β and S parameters is that higher β values are associated 
with lower values of the selectivity; in this work, the higher β values are associated with the 
higher values of S for all the ternary systems with the exception of the systems involving the 
ionic liquid [N4441][NTf2].  
 
4.2.3.3. Influence of the ionic liquid anion  
The study of the effect of the anion nature on the solute distribution ratio and selectivity 
was carried out comparing the ternary systems involving [BMpyr][NTf2], [BMpyr][TfO] 










Figure 4.2.3.3.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {aliphatic hydrocarbon (1) + benzene (2) + IL 
(3)}: () [BMpyr][NTf2], () [BMpyr][TfO] and () [BMpyr][DCA] at T = 298.15 K and 
atmospheric pressure 
In Figures 4.2.3.3.1. (a), it can be observed that the β values tend to decrease in the order: 
[BMpyr][DCA] > [BMpyr][NTf2] > [BMpyr][TfO] for the ternary systems with octane and 
decane as aliphatic hydrocarbon, although in the case of the ternary systems with dodecane 
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Liquid-liquid extraction using ILs 
the trend of the solute distribution ratio changes: [BMpyr][DCA] > [BMpyr][TfO] > 
[BMpyr][NTf2]. 
By inspection of Figure 4.2.3.3.1. (b), it is possible to conclude that the highest values of 
selectivity were obtained for the ternary systems involving [BMpyr][DCA]. The trend shown 
by the selectivities is similar to that commented for the β values, that is, when the ternary 
systems with [BMpyr][TfO] and [BMpyr][NTf2] as extraction agents are compared, it is 
observed that the values of S are similar in the system with octane as aliphatic hydrocarbon, 
while the order followed for the S values obtained for the ternary systems with decane and 
dodecane as aliphatic hydrocarbon is: [BMpyr][TfO] > [BMpyr][NTf2].  
Taking into account the results obtained for the phase equilibrium of the ternary systems 
involving the pyrrolidinium-based ILs as extraction agents, the best results of the extraction 
parameters (the highest β and S values) were obtained for the ionic liquid [BMpyr][DCA]. 
 
4.2.3.4. Influence of the ionic liquid cation 
The influence of the cation nature in the ionic liquid can be analysed from the behaviour 
shown by the ternary systems involving [BMpyr][NTf2], [N4111][NTf2] and [N4441][NTf2] 
as extraction agents. Besides, the effect of the structure of the substituents of the ammonium 
cation on the extraction of benzene in the ternary systems {aliphatic hydrocarbon (1) + 
benzene (2) + [N4111][NTf2] or [N4441][NTf2] (3)} at T = 298.15 K and atmospheric pressure 
can be studied.  
Both influences are depicted in terms of the solute distribution ratio and selectivity in 











Figure 4.2.3.4.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {aliphatic hydrocarbon (1) + benzene (2) + IL 
(3)}: () [BMpyr][NTf2], () [N4111][NTf2] and () [N4441][NTf2] at T = 298.15 K and atmospheric 
pressure 
The general trend of the values of the solute distribution ratio is [N4441][NTf2] > 
[BMpyr][NTf2] > [N4111][NTf2], with the exception of the values of β obtained for the 
ternary systems involving dodecane as aliphatic hydrocarbon, in which two different 

























































































































Liquid-liquid extraction using ILs 
For these systems, until 𝑤𝑤2I ≅  0.50 the order followed by the β values is:                 
[BMpyr][NTf2] > [N4441][NTf2] > [N4111][NTf2], while at higher compositions of benzene 
in the upper phase, the order is: [BMpyr][NTf2] > [N4111][NTf2] > [N4441][NTf2].  
By inspection of Figures 4.2.3.4.1. (b) it can be inferred that the selectivities follow the 
general trend [N4111][NTf2] ≅ [BMpyr][NTf2] > [N4441][NTf2], being the lowest values of 
S those obtained for the ternary systems involving the ionic liquid [N4441][NTf2] along the 
whole range of compositions of benzene in the upper phase.  
In view of the results obtained, it can be concluded that the effect of the structure of the 
substituents of the ammonium cation on the extraction of benzene is more remarkable than 
the effect of changing the nature of the cation of the ionic liquid, since the results of the 
systems involving the pyrrolidiunium-based ionic liquid are intermediates to the values of β 
and S calculated for the ternary systems with the ammonium-based ILs as entrainers. 
 
4.2.4. Comparison with literature 
In this section, a comparison between the experimental LLE data of the ternary systems 
at T = 298.15 K and atmospheric pressure presented in this subchapter and those found in 
literature for the separation of benzene from octane, decane, or dodecane with other solvents 
is presented. 
The literature data about the study of the separation of benzene from octane, decane or 
dodecane at T = 298.15 K and atmospheric pressure are scarce, since the works about the 
LLE determination of ternary systems {aliphatic hydrocarbon (1) + aromatics (2) + ionic 
liquid (3)} with long chain aliphatic hydrocarbons are usually studied with aromatic 
compounds such as alkylbenzenes, phenols, xylenes, among others and at higher 
temperatures1,2,3,4,5,6. 
On the other hand, ionic liquids with the same alkyl chain length of the cation and the 
same anion as the studied ILs in this work is needed to draw a reliable comparison. The only 
ionic liquid found in literature that fulfils these characteristics is the ionic liquid 1-butyl-3-
1 Al-Rashed O.A., Fahim M.A., Shaaban M., Fluid Phase Equilibr. 363 (2014) 248-262 
2 Kao C.-F., Lin W.-C., Fluid Phase Equilibr. 165 (1999) 67-77 
3 Kao C.-F., Lin W.-C., Fluid Phase Equilibr. 163 (1999) 9-20 
4 Heidari M.R., Mokhtarani B., Seghatoleslami N., Sharifi A., Mirzaei M., J. Chem. Thermodyn. 54 (2012) 310-315 
5 Meindersma G.W., Simons B.T.J., de Haan A.B., J. Chem. Thermodyn. 43 (2011) 1628-1640 
6 Arce A., Earle M.J., Rodríguez H., Seddon K.R., Soto A., Green Chem. 10 (2008) 1294-1300 
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methylimidazolium bis(trifluoromethylsulfonyl)imide, [BMim][NTf2]1, in the separation of 
benzene from octane at T = 298.15 K and atmospheric pressure. Thus, a comparison between 
these reported LLE data and those obtained in this work for the system {octane (1) + benzene 
(2) + [BMpyr][NTf2] (3)} was carried out. 
Moreover, a comparison with the reported LLE data with sulfolane2,3,4 was carried out, 
since sulfolane is the most widely recognised solvent in industrial processes for the 
separation of aromatic and aliphatic hydrocarbons by liquid extraction. 
As it has already been mentioned, due to the differences in molar masses between ILs and 
sulfolane, the comparisons were performed in terms of the selectivity and solute distribution 
ratio calculated using mass fraction. The molar masses of the used ILs were shown in Table 
2.2.2.2. and the molar masses of [BMim][NTf2] and sulfolane are displayed in the Table E2 
given as Appendix E. 
In Figures 4.2.4.1., 4.2.4.2. and 4.2.4.3. the experimental values of β and S calculated for 
the ternary systems presented in this subchapter and those found in literature with 
[BMim][NTf2] and sulfolane as extraction agents are presented. 
  
1 Domínguez I., González E.J., González R., Domínguez Á., J. Chem. Eng. Data 56 (2011) 3376–3383 
2 Chen J., Duan L.-P., Mi J.-G., Fei W.-Y., Li Z.-C., Fluid Phase Equilibr. 173 (2000) 109–119 
3 Lee S., Kim H., J. Chem. Eng. Data 40 (1995) 499-503 
4 Letcher T.M., Redhi G.G., Radloff S.E., J. Chem. Eng. Data 41 (1996) 634-638 
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Figure 4.2.4.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {octane (1) + benzene (2) + solvent (3)}: () 
[BMpyr][NTf2], () [BMpyr][TfO] and () [BMpyr][DCA], () [N4111][NTf2], () 
[N4441][NTf2], () [BMim][NTf2]1, sulfolane ()2 and sulfolane ( )3 at T = 298.15 K and 
atmospheric pressure 
  
1 Domínguez I., González E.J., González R., Domínguez Á., J. Chem. Eng. Data 56 (2011) 3376–3383 
2 Chen J., Duan L.-P., Mi J.-G., Fei W.-Y., Li Z.-C., Fluid Phase Equilibr. 173 (2000) 109–119 
3 Lee S., Kim H., J. Chem. Eng. Data 40 (1995) 499-503 
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In Figure 4.2.4.1. (a) the solute distribution ratio values as a function of the mass fraction 
of benzene are displayed. The values of β reported for sulfolane are higher than those 
obtained in this work, meaning that more amount of ionic liquid than of sulfolane would be 
needed to carry out the extraction of benzene from octane.  
In the comparison of the β values of the systems involving [BMim][NTf2] and 
[BMpyr][NTf2], it can be observed that the followed order of the β values is: [BMpyr][NTf2] 
> [BMim][NTf2] until 𝑤𝑤2I ≅  0.15, from which the values of β are in the same order of 
magnitude for both ternary systems. 
The variation of the selectivity values as a function of the mass fraction of benzene in the 
upper phase are depicted in Figure 4.2.4.1. (b). As it can be inferred from this figure, the 
values of S obtained for the ternary system {octane (1) + benzene (2) + [BMpyr][DCA] (3)} 
are higher than those reported for the ternary systems in which sulfolane is the solvent. 
Besides, the S values obtained for the ternary systems with [BMpyr][NTf2], [BMpyr][TfO] 
and [N4111][NTf2] are higher than those reported for sulfolane1 from 𝑤𝑤2I ≅  0.40. In the case 
of the ternary system containing [N4441][NTf2] this behaviour happens from 𝑤𝑤2I ≅  0.50. 
The comparison of the ternary systems {octane (1) + benzene (2) + [BMim][NTf2] (3)} 
and {octane (1) + benzene (2) + [BMpyr][NTf2] (3)} is interesting because similar values of 
the extraction parameters are obtained. This fact makes necessary to analyse different aspects 
that must be taken into account in order to select the best option between these two ILs. 
According to toxicity studies, the cation of the ILs is the dominating factor influencing 
their toxicity1; studies on the biological effects of 1,3-dialkylimidazolium-based ILs showed 
that the toxicity of these ILs is higher than that of common volatile organic solvents2, and 
besides, the pyrrolidinium-based ILs are less toxic than the imidazolium-based ILs3,4 
presenting the same anion. Therefore, given that [BMim][NTf2] and [BMpyr][NTf2] show 
values of the characteristic parameters of the extraction similar on the extraction of benzene 
from octane, the ionic liquid [BMpyr][NTf2] is a better option from an environmental point 
of view.  
 
1 Thuy Pham T.P., Cho C.-W., Yun Y.-S., Water Res. 44 (2010) 352-372 
2 Gathergood N., Scammells P.J., García M.T., Green Chem. 8 (2006) 156-160 
3 Petkovic M., Seddon K.R., Rebelo L.P.N., Silva Pereira C., Green Chem. 40 (2011) 1383-1403 
4 Frade R.F.M., Rosatella A.A., Marques C.S., Branco L.C., Kulkarni P.S., Mateus N.M.M., Afonso C.A.M., Duarte 
C.M.M., Green Chem. 11 (2009) 1660-1665 
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On the other hand, previous studies of the aromatic/aliphatic separation using ILs showed 
that the ILs involving a cation with aromatic character present higher values of the solute 
distribution ratio and selectivity1. Since the imidazolium cation presents aromatic character 
and the pyrrolidinium cation is aliphatic, it could be stated that this result shows that the 
results of the extraction is more strongly influenced by the nature of the anion of the ionic 
liquid than by the nature of the cation2,3. 
Regarding the comparison of the values of the extraction parameters of the ternary 
systems involving decane and dodecane as aliphatic hydrocarbon, it is important to note that 
the LLE data for the systems containing these aliphatic hydrocarbons with sulfolane used in 
the comparison were reported at T = 303.15 K4 and atmospheric pressure because no 
literature data for these ternary systems at T = 298.15 K were found. Nevertheless, the 
comparison can be performed since the effect of the temperature on the LLE is not 
determining, as it has been demonstrated by several authors5,6 and in this work in section 
4.2.3.1.  
The experimental values of β and S for the ternary systems {decane (1) + benzene (2) + 
IL (3)} experimentally determined at T = 298.15 K and atmospheric pressure and those found 
in literature for the ternary system {decane (1) + benzene (2) + sulfolane (3)} at T = 303.15 
K and atmospheric pressure are presented in Figures 4.2.4.2. (a) and (b). 
 
  
1 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 51 (2012) 3483-
3507 
2 Calvar N., Domínguez I., Gómez E., Palomar J., Domínguez Á., J. Chem. Thermodyn. 67 (2013) 5-12 
3 Calvar N., Domínguez I., Gómez E., Domínguez Á., Chem. Eng. J. 175 (2011) 213-221 
4 Letcher T.M., Redhi G.G., Radloff S.E., J. Chem. Eng. Data 41 (1996) 634-638 
5 Arce A., Earle M.J., Rodríguez H., Seddon K.R., Green Chem. 9 (2007) 70-74 
6 Zhang J., Huang C., Chen B., Ren P., Lei Z., Energy Fuels 21 (2007) 1724-1730 
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Figure 4.2.4.2. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {decane (1) + benzene (2) + IL (3)}: () 
[BMpyr][NTf2], () [BMpyr][TfO] and () [BMpyr][DCA], () [N4111][NTf2] and () 
[N4441][NTf2] at T = 298.15 K and atmospheric pressure and ( )1 {decane (1) + benzene (2) + 
sulfolane (3)} at T = 303.15 K and atmospheric pressure 
1 Letcher T.M., Redhi G.G., Radloff S.E., J. Chem. Eng. Data 41 (1996) 634-638  
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The values of β obtained for the ternary system {decane (1) + benzene (2) + 
[BMpyr][DCA] (3)} are higher than those reported for the system involving sulfolane as 
extraction agent. The remaining ternary systems with decane as aliphatic hydrocarbon 
showed values of solute distribution ratio in the same order of magnitude, with the exception 
of the ternary system with [N4111][NTf2] as solvent, which presented the lowest values of 
the solute distribution ratio. 
The values of selectivity are shown in Figure 4.2.4.2. (b). The S values calculated for the 
ternary systems with [BMpyr][DCA] and [BMpyr][TfO] as solvents are higher than those 
obtained for the system involving sulfolane. Moreover, the selectivities obtained from the 
LLE data of the remaining ternary systems involving the studied ionic liquids in this work 
are in the same order of magnitude than those obtained for the ternary system {decane (1) + 
benzene (2) + sulfolane (3)}.  
The solute distribution ratio and the selectivity calculated from the experimental tie-lines 
of the ternary systems containing dodecane as aliphatic hydrocarbon and the studied ionic 
liquids together with sulfolane as extraction agents as a function of the mass fraction of 







Figure 4.2.4.2. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {dodecane (1) + benzene (2) + IL (3)}: () 
[BMpyr][NTf2], () [BMpyr][TfO] and () [BMpyr][DCA], () [N4111][NTf2] and () 
[N4441][NTf2] at T = 298.15 K and atmospheric pressure and ( )1 {dodecane (1) + benzene (2) + 
sulfolane (3)} at T = 303.15 K and atmospheric pressure 
1 Letcher T.M., Redhi G.G., Radloff S.E., J. Chem. Eng. Data 41 (1996) 634-638 
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From the comparison of the ternary systems with the pyrrolidinium-based ILs as solvents 
with the ternary system involving sulfolane, it is observed that all the compared systems 
exhibit similar values of β at compositions of benzene in the upper phase above w2I  0.30. 
On the other hand, the solute distribution ratios obtained for the ternary systems in which 
the ammonium-based ILs are the entrainers are lower than those reported for sulfolane. 
By inspection of Figure 4.2.4.3. (b), it can be observed that the values of the selectivity 
follow the order: [BMpyr][DCA] > [BMpyr][TfO] > [BMpyr][NTf2]	൒ [N4111][NTf2] > 
[N4441][NTf2] ≅ sulfolane. 
 
4.2.5. Summary and conclusions 
In this section, some general conclusions drawn from the results obtained in this 
subchapter are summarized. 
The experimental LLE of the ternary systems with octane, decane and dodecane as 
aliphatic hydrocarbon and the ionic liquids [BMpyr][DCA], [BMpyr][TfO], [BMpyr][NTf2], 
[N4111][NTf2] and [N4441][NTf2] as entrainers were determined at T = 298.15 K and 
atmospheric pressure, together with the ternary system {octane (1) + decane (2) + 
[N4441][NTf2] (3)} at T = (298.15, 308.15 and 318.15) K and atmospheric pressure. The 
solute distribution ratio and the selectivity were calculated from the compositions of the tie-
lines. Finally, the experimental results for the ternary systems were satisfactorily correlated 
using the NRTL thermodynamic model. 
Previously to the LLE determination, a study of the solubility of octane, decane and 
dodecane in the studied ILs was performed. An increase in the chain length of the aliphatic 
hydrocarbon leads to a decrease in their solubility in the ILs following the order 
[N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2] > [BMpyr][TfO] > [BMpyr][DCA] in the 
case of octane and decane, while in the case of the solubility of dodecane the order followed 
is [N4441][NTf2] > [N4111][NTf2] > [BMpyr][NTf2] ≈ [BMpyr][DCA] > [BMpyr][TfO]. The 
solubilities are highly ionic liquid anion dependent, being the obtained order: [NTf2]- > 
[TfO]- > [DCA]-. Finally, the effect of the temperature was also analysed in the solubility of 
octane in the ionic liquid [N4441][NTf2], obtaining that the increase in the temperature 
increases the solubility of octane in this ionic liquid.  
Chapter 4 
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All the ternary systems studied showed solutropic behaviour, the ternary systems 
involving [BMpyr][NTf2] and [N4441][NTf2] as extraction agents showed a change in the 
slope from positive to negative values when the composition of benzene increased. 
Regarding the values obtained for the characteristic parameters of the extraction, it can 
be concluded that both β and S values decreased when the concentration of benzene increased 
in the upper phase. The values of the solute distribution ratio (calculated using the mass 
fractions) of the studied ternary systems are not high. However, the very low solubility of 
the IL in the aliphatic hydrocarbons minimizes the loss of IL and the contamination of the 
refined stream. 
The selectivity values were much higher than the unity in all the ternary systems studied, 
especially at low concentration of benzene, being the highest values of selectivity those 
obtained for the ternary systems involving [BMpyr][DCA]. This result is related to the low 
solubility of the used aliphatic hydrocarbons in the studied ILs and it indicates that a good 
degree of removal of benzene from the aliphatic hydrocarbons can be achieved. 
Furthermore, different analysis of the experimental LLE data were carried out in terms of 
the calculated solute distribution ratios and selectivities: 
The influence of the temperature was not determining in the LLE since the values of β 
and S obtained for the ternary systems {octane (1) + benzene (2) + [N4441][NTf2] (3)} 
determined at T = (298.15, 308.15 and 318.15) K and atmospheric pressure were quite 
similar.  
The analysis of the influence of the alkyl chain length of the aliphatic hydrocarbons on 
the extraction of benzene showed that the values of the β obtained for the ternary systems 
with the pyrrolidinium-based ILs and the ionic liquid [N4111][NTf2] followed the order: 
dodecane > decane > octane and the calculated selectivity values showed a similar 
behaviour. On the contrary, higher β values calculated from the experimental LLE data of 
the ternary systems involving the ionic liquid [N4441][NTf2] were associated to lower values 
of the selectivities. 
Comparing the ternary systems involving the pyrrolidinium-based ILs, the highest values 
of the solute distribution ratio and selectivity were obtained for the systems with 
[BMpyr][DCA] as solvent for all the studied aliphatic hydrocarbons. The behaviour of the 
values of the solute distribution ratio followed in general the order: [BMpyr][DCA] > 
Liquid-liquid extraction using ILs 
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[BMpyr][NTf2] > [BMpyr][TfO], while the trend of the selectivity values was: 
[BMpyr][DCA] > [BMpyr][TfO] > [BMpyr][NTf2].  
Regarding the influence of the structure of the cation of the ionic liquid on the phase 
equilibrium, the general trend of the β values for the systems involving the ammonium-based 
ILs was ߚሾ୒రరరభሿሾ୒୘୤మሿ	 ൐ ߚሾ୒రభభభሿሾ୒୘୤మሿ	, while the higher S values were obtained for the 
systems containing the ionic liquid [N4111][NTf2]. The values of the extraction parameters 
for the systems involving [BMpyr][NTf2] were intermediates to those calculated for the 
systems with the ammonium-based ILs.  
Finally, a comparison of the experimental LLE data shown in this subchapter and those 
found for the ionic liquid [BMim][NTf2] and sulfolane in literature was performed. 
In the case of comparing the ternary system {octane (1) + benzene (2) + IL (3)}, similar 
values of the extraction parameters were obtained for the ternary systems with 
[BMim][NTf2] and [BMpyr][NTf2]. Given that the pyrrolidinium-based ionic liquid is less 
toxic than the imidazolium-based ionic liquid, the use of [BMpyr][NTf2] on the extraction 
of benzene from octane at T = 298.15 K and atmospheric pressure would be more convenient 
from an environmental point of view. 
The comparison with the systems involving sulfolane showed that the higher solute 
distribution ratios were obtained for the systems involving sulfolane and octane as aliphatic 
hydrocarbon. When the aliphatic hydrocarbon was changed to decane, the β values for the 
system involving [BMpyr][DCA] were higher than obtained for the system with sulfolane. 
Moreover, in the systems containing dodecane, the values of β obtained for the systems 
involving the ILs [BMpyr][DCA] and [BMpyr][TfO] and sulfolane were in the same order 
of magnitude.  
Regarding the comparison of the selectivity values, the values of the selectivity obtained 
for the systems involving the ionic liquid [BMpyr][DCA] were higher than those obtained 
for the systems with sulfolane for all the studied aliphatic hydrocarbons. On the other hand, 
when the aliphatic hydrocarbon is decane, the S values calculated for the ILs [BMpyr][DCA] 
and [BMpyr][TfO] are higher than the obtained for the system involving sulfolane. Finally, 
in the systems containing dodecane, the selectivities obtained for the systems involving the 




Taking into account all the results obtained, since all the studied systems showed 
selectivities values higher than the unity, the ILs studied in this subchapter could be used for 
the separation of benzene from the studied aliphatic hydrocarbons. The ionic liquid 
[BMpyr][DCA] can be considered the best candidate among the investigated ILs as 
extraction solvent for the separation of benzene from octane, decane, or dodecane at                 
T = 298.15 K and atmospheric pressure since showed the highest values of solute distribution 
ratio and selectivity among the studied ILs. Additionally, the selectivity values calculated 
for the systems involving [BMpyr][DCA] were higher than those obtained for the systems 
with sulfolane for all the studied aliphatic hydrocarbons and the values of β obtained for the 
system {decane (1) + benzene (2) + [BMpyr][DCA] (3)} were higher than the solute 
distribution ratios reported for the system involving sulfolane as solvent. 
On the other hand, the high viscosity of ILs is normally considered a drawback for their 
use; however, the ionic liquid [BMpyr][DCA] presents low viscosity and low melting point 
which make its handling and use easier. Besides, another positive aspect to consider is that 
this ionic liquid presents lower toxicity than other ILs due to the pyrrolidium cation as well 
as the nature of the dicyanamide anion.  
 
Liquid-liquid extraction using ILs 
4.3. Quaternary systems 
In order to complete the study about the applicability of the ionic liquids as extraction 
agents on the separation of aromatic/aliphatic hydrocarbons mixtures, and to get a deeper 
understanding about the behaviour of real industrial mixtures, the experimental LLE of 
quaternary systems {octane (1) + decane (2) + benzene (3) + ionic liquid (3)} were 
determined at T = 298.15 K and atmospheric pressure. 
Most of the works reported in literature till date consider only the presence of one single 
aromatic hydrocarbon and/or one single aliphatic hydrocarbon to study the LLE for binary 
and ternary mixtures of aromatic and aliphatic hydrocarbons, being the number of 
publications related to the aromatic/aliphatic separation with more than one aromatic 
hydrocarbon and/or more than one aliphatic hydrocarbon still limited1,2,3,4,5.  
Taking into account the results obtained in the study of the LLE determination of the 
ternary systems presented in the previous subchapter, the ILs: 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [BMpyr][NTf2], 1-butyl-1-
methylpyrrolidinium dicyanamide, [BMpyr][DCA], and tributylmethylammonium 
bis(trifluoromethylsulfonyl)imide, [N4441][NTf2] were chosen to perform the LLE of the 
quaternary systems {octane (1) + decane (2) + benzene (3) + ionic liquid (4)} at T = 298.15 
K and atmospheric pressure.  
The ionic liquid [BMpyr][DCA] was chosen since the ternary systems involving this ionic 
liquid showed the highest values of β and S. Furthermore, this ionic liquid presents low 
viscosity and melting point6,7,8,9 which facilitates the fluid flow and mass transfer in the 
extraction process. [BMpyr][NTf2] and [N4441][NTf2] were selected because they present 
the [NTf2]- anion in their structure, and this anion is one of the most used in the ILs for the 
extraction of aromatic compounds with satisfactory outcomes10,11,12,13. Besides, the ternary 
1 Arce A., Earle M.J., Katdare S.P., Rodríguez H., Seddon K.R., Phys. Chem. Chem. Phys. 10 (2008) 2538-2542 
2 Anantharaj R., Banerjee T., Fluid Phase Equilibr. 312 (2011) 20-30 
3 Sakal S.A., Shen C., Li C.X., J. Chem. Thermodyn. 49 (2012) 81-86 
4 Corderí S., Gómez E., Calvar N., Domínguez Á., Ind. Eng. Chem. Res. 53 (2014) 9471-9477 
5 Corderí S., Calvar N., Gómez E., Domínguez Á., J. Chem. Thermodyn. 76 (2014) 79-86 
6 Meindersma G.W., Hansmeier A.R., de Haan A.B., Ind. Eng. Chem. Res. 16 (2010) 7530-7540 
7 Marsh K.N., Boxall J.A., Lichtenthaler R., Fluid Phase Equilibr. 1 (2004) 93-98 
8 MacFarlane D.R., Golding J., Forsyth S., Forsyth M., Deacon G.B., Chem. Commun. 16 (2001) 1430-1431 
9 MacFarlane D.R., Forsyth S.A., Golding J., Deacon G.B., Chem. Commun. 4 (2002) 444-448 
10 Ferreira A.R., Freire M.G., Ribeiro J.C., Lopes F.M., Crespo J.G., Coutinho J.A.P., Ind. Eng. Chem. Res. 51 (2012) 
3483-3507 
11 Marciniak A., Fluid Phase Equilibr. 294 (2010) 213-233 
12 Corderí S., Calvar N., Gómez E., Domínguez Á., Fluid Phase Equilibr. 315 (2012) 46-52 
13 García J., Torrecilla J.S., Fernández A., Oliet M., Rodríguez F., J. Chem. Thermodyn. 42 (2010) 144-150 
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systems in which they act as entrainers showed positive slopes of the tie-lines and good 
results of the extraction. 
Additionally, with the selection of these three ILs a study of the influence of the anion 
nature and of the structure of the cation of the ionic liquid on the extraction of benzene from 
its mixtures with octane and decane can be performed. 
Otherwise, the mixture octane/decane was selected in order to study the effect of the 
presence of more than one aliphatic hydrocarbon on the extraction of benzene since octane 
and decane content in the naphta streams is more meaningful than the dodecane content1.  
A summary of the quaternary systems studied in this subchapter is shown in Table 4.3.1. 
Table 4.3.1. Quaternary systems studied with ILs  
 
The solute distribution ratio and the selectivity were calculated from the experimental 
LLE data in order to evaluate the capability of the studied ILs as extraction agents to 
accomplish the separation of benzene from its mixtures with octane and decane. Afterwards, 
the experimental compositions of the tie-lines were correlated using the NRTL 
thermodynamic model2. 
 
4.3.1. Experimental procedure 
The experimental procedure for the determination of the experimental LLE data of the 
quaternary systems is described below.  
1 Meindersma G.W., de Haan A.B., Chem. Eng. Res. Des. 86 (2008) 745-752 





Aliphatic Hydrocarbon Entrainer T / K 
A 
benzene octane decane 
[BMpyr][NTf2] 
298.15 B [BMpyr][DCA] 
C [N4441][NTf2] 
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The experimental LLE measurements were undertaken at T = 298.15 K and atmospheric 
pressure. Prior to the LLE determination, the hydrocarbons were degassed and the ionic 
liquids were dried following the protocol explained in detail in section 2.2. 
─ Liquid-liquid equilibrium determination  
For the tie-lines determination of the quaternary systems {octane (1) + decane (2) + 
benzene (3) + ionic liquid (4)}, immiscible initial quaternary mixtures of known composition 
were prepared. For this, octane, decane and benzene were added to a fixed amount of ionic 
liquid. The initial composition of the ionic liquid was selected taking a sectional plane (SP) 
in which the mole fraction of the ionic liquid is constant, as it can be seen in the tetrahedron 
diagram shown in Figure 4.3.1.1. The selected sectional plane is perpendicular to the tie-
lines and the composition of the ionic liquid was selected taking into account the minimum 
amount of ionic liquid required to achieve a feasible sample collection.  
 
Figure 4.3.1.1. Schematic representation of the quaternary system {octane (1) + decane (2) + 
benzene (3) + ionic liquid (4)} and the sectional plane (SP) 
The compositions of the other three compounds involved in the initial quaternary 
mixtures were calculated in this sectional plane, paying close attention to completely cover 
the selected plane. In order to improve the covering of the selected surface, different fixed 
compositions of benzene (from 0.1 to 0.7 in mole fraction of benzene) was chosen. In this 
Chapter 4 
way, tie-lines within the whole heterogeneous region of the quaternary system were 
obtained.  
The initial quaternary mixtures were prepared by weighing in 5 mL glass equilibrium 
cells under inert atmosphere; then, the cells were sealed with rubber covers and placed in a 
methacrylate container coupled to a thermostatic water bath. Once the samples were 
immersed in the bath, they were vigorously stirred for at least 5 hours to achieve a good 
contact between both phases. Following, the cells were left to settle overnight in order to 
guarantee that the equilibrium was completely reached. After equilibrium was reached, 
samples of each phase were withdrawn and their compositions were analysed by gas 
chromatography-mass spectrometry. The experimental set up can be observed in Figure 
4.1.1.1. 
─ Determination of the phase compositions  
A description in detail of the working protocol to determine the phase compositions of 
the quaternary systems is shown in section 4.2.2.2, under the heading of determination of 
the phase compositions using chromatographic method. The internal standard method was 
applied, the internal standard used was nonane and acetone was employed to dilute the 
samples and to avoid phase-splitting. A summary of the chromatographic operation 
parameters was presented in section 2.1.6. 
As it has already been commented, owing to the fact that the ionic liquids present a 
negligible vapour pressure they cannot be analysed by GC-MS; therefore, only the 
composition of octane, decane and benzene in the samples were analysed and the 
composition of the ionic liquid was calculated through mass balance. The absence of the 
ionic liquid in the upper phase was checked by 1H-NMR in the same way as the upper phase 
samples of the ternary systems.  
All the samples were injected at least in duplicate and the average values were calculated. 
In order to know the error of the chromatographic technique used for the determination of 
the compositions, quaternary mixtures of known composition were prepared by weighing. 
These mixtures were analysed with the chromatographic method, and their values were 
compared with those obtained by mass. This comparison showed that the largest deviation 
of the phase composition is ±0.004 in mole fraction and the compositions of these validation 
points are shown in Appendix C.  
166 
Liquid-liquid extraction using ILs 
4.3.2. Experimental data 
In this section, the experimental LLE data of the quaternary systems {octane (1) + decane 
(2) + benzene (3) + ionic liquid (4)} at T = 298.15 K and atmospheric pressure are displayed. 
To characterize the suitability of the used ILs as extraction agents on the extraction of 
benzene from its mixtures with octane and decane, the solute distribution ratio, β, and 
selectivity, S1+2, was calculated from the compositions of the experimental tie-lines as 
follows:   
𝛽𝛽 = 𝑥𝑥3II
𝑥𝑥3
I�   or  𝛽𝛽 = 𝑤𝑤3II 𝑤𝑤3I�      (1) 
𝑆𝑆1+2 = (𝑥𝑥3II(𝑥𝑥1I + 𝑥𝑥2I )) (𝑥𝑥3I (𝑥𝑥1II + 𝑥𝑥2I ))�    (2) 
where x is the mole fraction and w is the mass fraction, subscripts 1, 2 and 3 refer to octane, 
decane and benzene, respectively, and superscripts I and II indicate the upper (aliphatic 
hydrocarbon-rich phase) and lower (ionic liquid-rich phase) phase, respectively. The 
selectivity is abbreviated as S1+2 because it is the selectivity that takes into account the effect 
of both aliphatic hydrocarbons on the extraction of benzene, although it is also possible to 
calculate other selectivities considering the presence of only one of the studied aliphatic 
hydrocarbons (𝑆𝑆1 = 𝑥𝑥3II𝑥𝑥1I 𝑥𝑥3I 𝑥𝑥1II⁄  or 𝑆𝑆2 = 𝑥𝑥3II𝑥𝑥2I 𝑥𝑥3I 𝑥𝑥2II⁄ ).  
Finally, the quaternary systems were correlated using the NRTL model and for that 
purpose, the binary, ternary and quaternary LLE were taken into account. 
The experimental LLE data of the quaternary systems are presented in the following 
tables and figures, which follow the order explained below: 
In Tables 4.3.2.Y.X., the compositions of the experimental tie-lines in mole fraction and 
those calculated with the NTRL model for the lower phase as well as the values of the solute 
distribution ratio and selectivity are shown when Y = 1, and the binary interactions 
parameters, ∆gij, the non-randomness parameter, αij, and the root-mean-square deviations 
of the compositions, σx, for the correlation with the NRTL model are displayed when Y = 2.  
In Figures 4.3.2.Y.X., the experimental tie-lines and those calculated with the NRTL 
model tie-lines for the pseudo-ternary system {(octane + decane) (1) + benzene (2) + ionic 
liquid (3)} are shown when Y = 1. In this figure, only the tie-lines for a certain initial feed 
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of octane and a constant initial composition of the ionic liquid were included in order to 
avoid the overlapping of all the tie-lines of the quaternary system. The values of β and S1+2 
as a function of the mole fraction of benzene in the upper phase are shown when Y = 2. For 
a better visualization of the results, β and S1+2 were grouped taking into account the 
composition of octane in the initial feed samples, and the corresponding composition of the 
ionic liquid in the initial feed samples remained constant. In this way, the effect of octane 
and benzene on the solute distribution ratio and selectivity can be simultaneously analysed. 
For all the presented tables and figures, X means the corresponding quaternary system 
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Table 4.3.2.1.A. Experimental and calculated LLE data with NRTL model, β, and S1+2, for the 
quaternary system {octane (1) + decane (2) + benzene (3) + [BMpyr][NTf2] (4)} at T = 298.15 K and 
atmospheric pressure 
Upper phase  Lower phase  
β S1+2 Exp.  Exp.  NRTL  
𝑥𝑥1
I  𝑥𝑥2I   𝑥𝑥1II 𝑥𝑥2II 𝑥𝑥3II  𝑥𝑥1II 𝑥𝑥2II 𝑥𝑥3II  
0.204 0.699  0.010 0.023 0.114  0.013 0.023 0.126  1.17 32.52 
0.216 0.596  0.014 0.020 0.211  0.014 0.023 0.223  1.12 27.13 
0.230 0.482  0.015 0.020 0.306  0.016 0.022 0.315  1.06 21.92 
0.225 0.375  0.017 0.017 0.403  0.017 0.021 0.408  1.01 18.00 
0.221 0.286  0.018 0.014 0.480  0.019 0.018 0.479  0.97 15.45 
0.277 0.131  0.018 0.010 0.552  0.024 0.009 0.555  0.93 13.47 
0.238 0.073  0.018 0.008 0.616  0.021 0.006 0.616  0.89 10.47 
0.128 0.073  0.013 0.007 0.699  0.012 0.008 0.681  0.87 8.56 
0.289 0.615  0.019 0.020 0.114  0.019 0.022 0.116  1.19 27.51 
0.292 0.522  0.023 0.017 0.212  0.020 0.022 0.213  1.14 23.33 
0.293 0.422  0.023 0.015 0.308  0.021 0.020 0.310  1.08 20.06 
0.293 0.311  0.024 0.014 0.406  0.023 0.018 0.408  1.02 16.50 
0.292 0.218  0.022 0.014 0.480  0.025 0.014 0.483  0.98 13.82 
0.267 0.142  0.023 0.010 0.560  0.024 0.010 0.558  0.95 11.75 
0.224 0.085  0.021 0.010 0.625  0.021 0.007 0.620  0.90 9.15 
0.386 0.516  0.026 0.020 0.119  0.025 0.020 0.111  1.22 23.82 
0.415 0.401  0.030 0.016 0.213  0.029 0.018 0.204  1.16 20.68 
0.393 0.327  0.027 0.016 0.308  0.029 0.016 0.304  1.10 18.29 
0.363 0.239  0.025 0.016 0.415  0.029 0.014 0.416  1.04 15.18 
0.351 0.156  0.026 0.015 0.491  0.030 0.010 0.496  1.00 12.31 
0.323 0.082  0.027 0.010 0.570  0.029 0.006 0.572  0.96 10.39 
0.464 0.440  0.034 0.018 0.119  0.031 0.018 0.106  1.24 21.31 
0.464 0.345  0.035 0.017 0.225  0.033 0.017 0.213  1.18 18.76 
0.451 0.264  0.033 0.015 0.319  0.034 0.014 0.314  1.12 16.66 
0.455 0.157  0.036 0.010 0.413  0.036 0.009 0.419  1.06 14.05 
0.424 0.086  0.036 0.010 0.496  0.036 0.006 0.509  1.01 11.30 
0.583 0.322  0.040 0.018 0.120  0.039 0.015 0.104  1.27 19.89 
0.566 0.249  0.040 0.016 0.222  0.040 0.013 0.210  1.20 17.64 
0.535 0.179  0.038 0.015 0.325  0.041 0.010 0.325  1.14 15.24 
0.523 0.086  0.038 0.013 0.424  0.042 0.005 0.438  1.09 12.93 
0.683 0.226  0.048 0.014 0.116  0.045 0.011 0.103  1.28 18.81 
0.667 0.143  0.045 0.016 0.233  0.048 0.008 0.227  1.22 16.29 
0.617 0.091  0.044 0.013 0.339  0.047 0.006 0.348  1.16 14.39 
0.764 0.146  0.053 0.018 0.118  0.052 0.008 0.107  1.30 16.61 
0.732 0.085  0.052 0.015 0.230  0.053 0.005 0.230  1.26 15.37 

































Figure 4.3.2.1.A. Experimental LLE data of the quaternary system {octane (1) + decane (2) + 
benzene (3) + [BMpyr][NTf2] (4)} at T = 298.15 K and atmospheric pressure. Tie-lines for an initial 
feed of octane and [BMpyr][NTf2] of x1 = 0.078 and x4 = 0.154, respectively, ( ):experimental                              
and ( ): calculated using the NRTL model 
 
Table 4.3.2.2.A. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE data correlation data for the quaternary system                    
{octane (1) + decane (2) + benzene (3) + [BMpyr][NTf2] (4)} at T = 298.15 K and atmospheric 
pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 4.091 -2.315 0.1 0.35 
1-3 -1.081 5.174   
1-4 4.897 4.124   
2-3 5.427 -1.058   
2-4 8.526 3.367   
3-4 144.32 2.139   
 
 





Figure 4.3.2.2.A. (a) Solute distribution ratio, β, and (b) selectivity, S1+2, as a function of the mole 
fraction of benzene in the upper phase for the quaternary system                          
{octane (1) + decane (2) + benzene (3) + [BMpyr][NTf2] (4)} at T = 298.15 K and atmospheric 
pressure. Initial feed of [BMpyr][NTf2], x4 = 0.154, and initial feed of octane, x1: ( ) 0.078, ( ) 0.141, 
( ) 0.232, ( ) 0.333, ( ) 0.408, ( ) 0.513, ( ) 0.600, and ( ) 0.696   
x3
I











































Table 4.3.2.1.B. Experimental and calculated LLE data with NRTL model, β, and S1+2, for the 
quaternary system {octane (1) + decane (2) + benzene (3) + [BMpyr][DCA] (4)} at T = 298.15 K 
and atmospheric pressure 
Upper phase  Lower phase  
β S1+2 Exp.  Exp.  NRTL  
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍  ݔଷ୍୍   ݔଵ୍୍  ݔଶ୍୍  ݔଷ୍୍   
0.123 0.779  0.000 0.002 0.113  0.004 0.002 0.612  1.15 367.90 
0.100 0.704  0.001 0.003 0.202  0.003 0.003 0.523  1.03 264.13 
0.117 0.588  0.001 0.003 0.267  0.002 0.003 0.448  0.91 179.95 
0.103 0.457  0.001 0.002 0.375  0.002 0.002 0.407  0.85 131.10 
0.131 0.349  0.001 0.002 0.423  0.001 0.002 0.352  0.81 104.39 
0.118 0.304  0.002 0.003 0.466  0.001 0.001 0.278  0.81 76.34 
0.132 0.203  0.003 0.002 0.539  0.001 0.000 0.217  0.81 51.93 
0.111 0.099  0.005 0.001 0.644  0.001 0.000 0.128  0.81 28.31 
0.262 0.650  0.001 0.002 0.105  0.008 0.001 0.530  1.20 319.38 
0.204 0.600  0.002 0.002 0.200  0.006 0.001 0.483  1.02 204.46 
0.229 0.482  0.002 0.002 0.280  0.004 0.001 0.425  0.97 165.00 
0.236 0.361  0.003 0.002 0.371  0.003 0.001 0.374  0.92 120.65 
0.232 0.276  0.003 0.002 0.421  0.002 0.000 0.283  0.86 87.77 
0.241 0.186  0.004 0.002 0.477  0.002 0.000 0.213  0.83 59.24 
0.236 0.101  0.005 0.001 0.528  0.002 0.000 0.106  0.80 41.78 
0.372 0.546  0.002 0.002 0.099  0.011 0.000 0.489  1.21 275.97 
0.309 0.500  0.003 0.002 0.198  0.008 0.001 0.448  1.04 182.24 
0.345 0.367  0.003 0.002 0.278  0.006 0.001 0.377  0.97 141.28 
0.351 0.259  0.004 0.001 0.364  0.005 0.000 0.286  0.93 107.87 
0.333 0.186  0.005 0.001 0.434  0.003 0.000 0.214  0.90 76.29 
0.346 0.082  0.006 0.001 0.478  0.003 0.000 0.094  0.83 54.37 
0.474 0.440  0.003 0.001 0.104  0.012 0.000 0.448  1.21 247.56 
0.401 0.405  0.004 0.001 0.199  0.010 0.000 0.405  1.03 154.01 
0.447 0.264  0.004 0.001 0.290  0.007 0.000 0.297  1.00 151.31 
0.425 0.157  0.005 0.001 0.388  0.004 0.000 0.204  0.93 89.56 
0.452 0.086  0.006 0.001 0.422  0.004 0.000 0.090  0.91 73.02 
0.572 0.342  0.004 0.001 0.107  0.013 0.000 0.395  1.24 227.46 
0.523 0.269  0.004 0.001 0.222  0.009 0.000 0.296  1.06 169.84 
0.534 0.179  0.004 0.0004 0.290  0.008 0.000 0.228  1.01 156.61 
0.552 0.081  0.007 0.0004 0.361  0.006 0.000 0.088  0.98 88.63 
0.665 0.251  0.005 0.001 0.104  0.012 0.000 0.279  1.23 203.47 
0.598 0.208  0.005 0.0005 0.197  0.009 0.000 0.206  1.02 162.73 
0.645 0.083  0.007 0.0004 0.278  0.007 0.000 0.081  1.02 103.18 
0.752 0.166  0.006 0.003 0.108  0.010 0.000 0.091  1.32 138.63 
0.763 0.084  0.007 0.004 0.190  0.017 0.000 0.100  1.23 92.32 
0.830 0.087  0.007 0.003 0.123  0.012 0.000 0.094  1.49 127.92 
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Figure 4.3.2.1.B. Experimental LLE data of the quaternary system {octane (1) + decane (2) + 
benzene (3) + [BMpyr][DCA] (4)} at T = 298.15 K and atmospheric pressure. Tie-lines for an initial 
feed of octane and [BMpyr][DCA] of x1 = 0.070 and x4 = 0.242, respectively, ( ):experimental                          
and ( ): calculated using the NRTL model 
 
Table 4.3.2.2.B. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE data correlation data for the quaternary system                         
{octane (1) + decane (2) + benzene (3) + [BMpyr][DCA] (4)} at T = 298.15 K and atmospheric 
pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 2.614 -5.001 0.10 0.45 
1-3 0.469 4.939   
1-4 5.091 7.675   
2-3 8.981 -2.199   
2-4 42.54 59.00   







Figure 4.3.2.2.B. (a) Solute distribution ratio, β, and (b) selectivity, S1+2, as a function of the mole 
fraction of benzene in the upper phase for the quaternary system                              
{octane (1) + decane (2) + benzene (3) + [BMpyr][DCA] (4)} at T = 298.15 K and atmospheric 
pressure. Initial feed of [BMpyr][DCA], x4 = 0.242, and initial feed of octane, x1: ( ) 0.070, ( ) 
0.140, ( ) 0.212, ( ) 0.280, ( ) 0.357, ( ) 0.430, ( ) 0.507, and ( ) 0.591    
x2
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Table 4.3.2.1.C. Experimental and calculated LLE data with NRTL model, β, and S1+2, for the 
quaternary system {octane (1) + decane (2) + benzene (3) + [N4441][NTf2] (4)} at T = 298.15 K and 
atmospheric pressure 
Upper phase  Lower phase  
β S1+2 Exp.  Exp.  NRTL  
𝑥𝑥1
I  𝑥𝑥2I   𝑥𝑥1II 𝑥𝑥2II 𝑥𝑥3II  𝑥𝑥1II 𝑥𝑥2II 𝑥𝑥3II  
0.113 0.758  0.012 0.045 0.192  0.007 0.046 0.215  1.49 22.72 
0.115 0.663  0.012 0.046 0.311  0.008 0.046 0.331  1.40 18.77 
0.122 0.550  0.011 0.046 0.429  0.010 0.044 0.432  1.31 15.56 
0.101 0.483  0.011 0.040 0.501  0.009 0.043 0.493  1.20 13.79 
0.089 0.392  0.010 0.036 0.569  0.009 0.040 0.550  1.10 11.33 
0.101 0.278  0.013 0.028 0.627  0.013 0.033 0.608  1.01 9.34 
0.107 0.180  0.011 0.024 0.664  0.016 0.023 0.655  0.93 7.58 
0.078 0.082  0.016 0.011 0.725  0.012 0.013 0.727  0.86 5.15 
0.249 0.619  0.023 0.038 0.201  0.017 0.039 0.203  1.52 21.32 
0.219 0.558  0.023 0.036 0.316  0.016 0.039 0.323  1.41 18.69 
0.224 0.447  0.020 0.038 0.431  0.020 0.035 0.432  1.31 15.09 
0.206 0.372  0.020 0.033 0.514  0.021 0.033 0.508  1.22 13.15 
0.200 0.292  0.023 0.029 0.569  0.024 0.029 0.563  1.12 10.64 
0.250 0.147  0.034 0.014 0.619  0.034 0.015 0.621  1.02 8.52 
0.219 0.081  0.033 0.010 0.655  0.033 0.009 0.663  0.94 6.47 
0.291 0.585  0.029 0.036 0.189  0.021 0.037 0.187  1.53 20.83 
0.315 0.464  0.030 0.035 0.314  0.027 0.033 0.314  1.43 17.06 
0.281 0.389  0.032 0.028 0.435  0.027 0.031 0.435  1.32 14.59 
0.314 0.275  0.032 0.026 0.504  0.035 0.023 0.507  1.23 12.60 
0.345 0.164  0.035 0.019 0.551  0.042 0.013 0.562  1.12 10.61 
0.320 0.082  0.041 0.009 0.614  0.044 0.007 0.622  1.03 8.26 
0.415 0.454  0.041 0.029 0.202  0.033 0.029 0.189  1.54 19.37 
0.413 0.365  0.043 0.027 0.315  0.038 0.026 0.313  1.42 15.83 
0.416 0.261  0.048 0.020 0.429  0.045 0.020 0.433  1.33 13.35 
0.439 0.164  0.044 0.019 0.496  0.052 0.012 0.504  1.25 11.84 
0.433 0.073  0.049 0.007 0.559  0.054 0.005 0.572  1.13 10.26 
0.516 0.353  0.047 0.025 0.201  0.044 0.022 0.185  1.56 18.61 
0.510 0.268  0.052 0.020 0.319  0.050 0.018 0.314  1.44 15.52 
0.509 0.180  0.058 0.015 0.417  0.057 0.013 0.424  1.34 12.72 
0.539 0.071  0.059 0.009 0.492  0.065 0.005 0.505  1.26 11.40 
0.621 0.254  0.060 0.018 0.195  0.056 0.015 0.178  1.57 17.55 
0.623 0.164  0.062 0.013 0.311  0.064 0.010 0.306  1.46 15.18 
0.603 0.089  0.068 0.007 0.417  0.070 0.006 0.427  1.35 12.46 
0.704 0.169  0.071 0.010 0.200  0.066 0.010 0.183  1.58 17.06 
0.708 0.084  0.071 0.007 0.304  0.073 0.005 0.303  1.47 14.93 

































Figure 4.3.2.1.C. Experimental LLE data of the quaternary system {octane (1) + decane (2) + 
benzene (3) + [N4441][NTf2] (4)} at T = 298.15 K and atmospheric pressure. Tie-lines for an initial 
feed of octane and [N4441][NTf2] of x1 = 0.080 and x4 = 0.114, respectively, ( ):experimental              
and ( ): calculated using the NRTL model 
 
 
Table 4.3.2.2.C. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE data correlation data for the quaternary system                              
{octane (1) + decane (2) + benzene (3) + [N4441][NTf2] (4)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 3.215 -3.556 0.1 0.42 
1-3 -0.668 4.871   
1-4 3.428 4.727   
2-3 6.101 -1.282   
2-4 7.441 2.724   
3-4 149.11 2.389   
 
 




Figure 4.3.2.2.C. (a) Solute distribution ratio, β, and (b) selectivity, S1+2, as a function of the mole 
fraction of benzene in the upper phase for the quaternary system                         
{octane (1) + decane (2) + benzene (3) + [BMpyr][DCA] (4)} at T = 298.15 K and atmospheric 
pressure. Initial feed of [N4441][NTf2], x4 = 0.114, and initial feed of octane, x1: ( ) 0.080, ( ) 0.163, 








































































The experimental compositions of the tie-lines in mole fraction for the upper and lower 
phases of the studied quaternary systems are shown in Tables 4.3.2.1.X. These compositions 
are ordered as a function of the composition of octane in the initial feed from the lowest to 
the highest compositions of octane. Regarding the compositions of the upper phase samples, 
in such tables only the compositions of octane and decane are shown; because of the fact 
that the ionic liquids were not detected in this phase, only two compositions are enough to 
characterize the aliphatic hydrocarbon-rich phase.  
The calculated LLE data using the NRTL model for the lower phase of the quaternary 
systems as well as the values of the solute distribution ratio and selectivity calculated from 
the experimental compositions of the tie-lines are also included in Tables 4.3.2.1.X. In these 
tables it can be observed that the values of S1+2 are much greater than the unity, especially at 
low compositions of benzene in the aliphatic-rich phase. Hence, the studied ILs could be 
used for the extraction of benzene from the mixture composed by octane and decane with 
relative high purity. Moreover, the values of β are near or greater than the unity, being the 
highest values those obtained at low compositions of benzene in the upper phase. This means 
that the extraction of benzene from octane and decane would be more favourable at low 
compositions of benzene in the three quaternary systems. 
In Figures 4.3.2.1.X. the experimental and calculated LLE data for the pseudo-ternary 
systems {(octane + decane) (1) + benzene (2) + ionic liquid (3)} at T = 298.15 K and 
atmospheric pressure are displayed. In these figures, the compositions of the aliphatic 
hydrocarbons were represented as the sum of their compositions in the corresponding phase. 
Furthermore, only the tie-lines for the lowest composition of the octane in the feed and the 
selected constant composition of the ionic liquid in each quaternary system are included in 
order to avoid the overlapping of all the tie-lines of the quaternary systems.  
By inspection of these figures, it can be concluded that the size of the miscible region of 
the pseudo-ternary diagrams follows the order: [N4441][NTf2] > [BMpyr][NTf2] > 
[BMpyr][DCA]. This result is similar to that obtained for the ternary systems, where the 
systems involving ILs with [NTf2]- anion in their structure showed the larger miscible region. 
On the other hand, the slopes of the tie-lines turns from zero to negative when the benzene 
content increases. In the case of the quaternary systems involving [N4441][NTf2] and 
[BMpyr][NTf2] the change of the slope of the tie-lines is from positive to negative as already 
happened in the ternary systems with these ILs as entrainers.  
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The binary interaction parameters, gij, the non-randomness parameters, ij, and the root-
mean-square deviations of the compositions of the lower phase are shown in Tables 
4.3.2.2.X. According to the small deviations obtained, the NRTL model seems to be 
adequate to correlate the experimental LLE data. Furthermore, the good adjustment of this 
thermodynamic model can be visually checked in Figures 4.3.2.1.X., where experimental 
and calculated tie-lines data are plotted.  
The plots of the variation of the values of β and S1+2 with the composition of benzene in 
the upper phase in mole fraction for the studied quaternary systems are presented in Figures 
4.3.2.2.X. (a) and (b). The values of both extraction parameters obtained were grouped 
taking into account the composition of octane in the initial feed, while the composition of 
the ionic liquid remained constant for each quaternary system. In this way, the visualization 
of the results is clearer and the influence of octane and benzene on the extraction of benzene 
from octane and decane can be simultaneously analysed. As it can be observed in these 
figures, in general terms the values of β and S1+2 obtained for all the studied systems decrease 
when the composition of benzene in the upper phase increases. Further, an increase in the 
concentration of octane in the initial feed implies an increase in the values of the solute 
distribution ratio and a decrease in the values of the selectivities.  
 
4.3.3. Discussion of the influences 
In this section, the solute distribution ratios and selectivities calculated from the 
experimental LLE data of the studied quaternary systems are discussed. Since the quaternary 
systems involved the ILs [BMpyr][NTf2], [BMpyr][DCA] and [N4441][NTf2], the influence 
of the nature of the anion and of the effect of the change of the structure of the cation of the 
ionic liquid on the extraction of benzene from its mixtures with octane and decane at                       
T = 298.15 K and atmospheric pressure can be analysed. 
 
4.3.3.1. Influence of the ionic liquid anion 
The influence of the nature of the anion of the ionic liquid on the separation of benzene 
from octane and decane at T = 298.15 K and atmospheric pressure can be studied in the 
quaternary systems involving the ILs [BMpyr][NTf2] and [BMpyr][DCA]. 
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The values of the solute distribution ratio and selectivities as a function of the mass 
fraction of benzene in the upper phase are depicted in Figures 4.3.3.1.1. (a) and (b). In these 
figures only the values of β and S1+2 for the lower compositions of octane in the initial feed 
samples are represented in order to get a better visualization of the results.  
  
Figure 4.3.3.1.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the quaternary systems {octane (1) + decane (2) + benzene (3) + ionic 
liquid (4)} at T = 298.15 K and atmospheric pressure. () [BMpyr][NTf2] with an initial feed:           
w1= 0.055 and w4 = 0.400, and () [BMpyr][DCA] with an initial feed: w1= 0.092 and w4 = 0.370 
As illustrated in Figure 4.3.3.1.1. (a), the values of β calculated for the quaternary system 
involving [BMpyr][DCA] are higher than those obtained for the quaternary system with 
[BMpyr][NTf2] as extraction agent in the whole range of compositions of benzene in the 
upper phase. Moreover, the S1+2 values obtained show a similar behaviour to that presented 
by the β values, that is, [BMpyr][DCA] >> [BMpyr][NTf2]. The large differences observed 
between the values of S1+2 obtained for both systems could be due to the fact that the [NTf2]- 
anion presents a higher molar volume.  
The commented behaviour of both extraction parameters was similar at higher 
compositions of octane in the initial feed samples. Furthermore, it can be stated that similar 
results were observed for the extraction parameters obtained for the ternary systems 
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4.3.3.2. Influence of the ionic liquid cation 
The role of the structure of the cation of the ionic liquid on the LLE data of the quaternary 
system {octane (1) + decane (2) + benzene (3) + ionic liquid (4)} was evaluated comparing 
the behaviour of the systems containing the ILs [BMpyr][NTf2] and [N4441][NTf2]. The 
variation of the values the solute distribution ratios and selectivities are shown in Figures 
4.3.3.2.1. (a) and (b). The values of β and S1+2 shown in these figures correspond to those 
calculated from the compositions of the tie-lines for the lower compositions of octane in the 
initial feed to avoid the overlapping of the results. 
 
Figure 4.3.3.2.1. a) Solute distribution ratio and b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the quaternary systems {octane (1) + decane (2) + benzene (3) + ionic 
liquid (4)} at T = 298.15 K and atmospheric pressure. () [BMpyr][NTf2] with an initial feed:                
w1= 0.055 and w4 = 0.400, and () [N4441][NTf2] with an initial feed: w1= 0.063 and w4 = 0.368 
The variation of the values of β is displayed in Figure 4.3.3.2.1. (a), in which it is 
observed that [N4441][NTf2] > [BMpyr][NTf2], although the differences among the β values 
are reduced when the composition of benzene in the aliphatic hydrocarbon-rich phase is 
increased.  
By inspection of Figure 4.3.3.2.1. (b), it can be concluded that the values of S1+2 obtained 
for the quaternary system involving the pyrrolidinium-based ionic liquid are higher than 
those obtained for the system involving the ammonium -based ionic liquid along the whole 
range of the compositions of benzene in the upper phase. This result could be related to the 
w3I







































fact that the ionic liquid [N4441][NTf2] presents larger aliphatic character meaning that it 
presents higher affinity for the aliphatic hydrocarbons. 
Similar conclusions were obtained from the analysis of the influence of the structure of 
the cation of the ionic liquid in the ternary systems, as it can be observed in section 4.2.3.4. 
The behaviour of the β values obtained at higher compositions of octane in the initial feed 
samples is similar to that commented above. In addition, it can be concluded that an increase 
in the composition of octane in the initial feed samples leads to a reduction of the differences 
between the S1+2 values obtained for both systems.  
 
4.3.4. Summary and conclusions 
In this final section of this subchapter, the most outstanding results obtained from the 
study of the separation of benzene from its mixtures with octane and decane are presented. 
The experimental determination of the liquid-liquid equilibrium of the quaternary systems 
{octane (1) + decane (2) + benzene (3) + ionic liquid (4)} with [BMpyr][NTf2], 
[BMpyr][DCA] and [N4441][NTf2] as extraction agents was performed at T = 298.15 K and 
atmospheric pressure. The extraction parameters were calculated from the composition of 
the tie-lines obtained for the studied quaternary systems. Subsequently, the experimental 
LLE data were correlated using the NRTL thermodynamic model. 
In general terms, the values of the solute distribution ratio and the selectivity decreased 
when the composition of benzene increased in the upper phase. Besides, an increase in the 
composition of octane in the initial feed samples led to an increase in the β values and a 
decrease in the values of the S1+2.  
In the pseudo-ternary diagrams it can be observed that the size of the miscible region 
follows the order: [N4441][NTf2] > [BMpyr][NTf2] > [BMpyr][DCA]. This result is similar 
to that obtained for the ternary systems involving these ILs with the studied aliphatic 
hydrocarbons. 
The NRTL model satisfactorily correlated the compositions of the LLE data for the 
studied quaternary systems. 
Regarding the analysis of the nature of the ionic liquids anion on the extraction of benzene 
from octane and decane, the ionic liquid implying the [DCA]- anion showed the highest 
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values of both solute distribution ration and selectivity. Comparing the results obtained for 
the quaternary systems involving the ILs with different cation, it was observed that the values 
of β follow the order: [N4441][NTf2] > [BMpyr][NTf2], while the values of S1+2 showed the 
reverse behaviour, that is [BMpyr][NTf2] > [N4441][NTf2]. 
In view of the obtained results, the ionic liquid [BMpyr][DCA] would be the most 
adequate solvent out of the three studied ILs for the extraction of benzene from its mixtures 
with octane and decane, since a higher purity of benzene could be achieved using a fewer 
amount of solvent in the extraction process. 
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4.4. Comparison of ternary and quaternary systems 
In this last section of the chapter of the liquid-liquid extraction using ionic liquids as 
solvents, a comparison of the results obtained from the extraction data determined in the 
study of the ternary and of the quaternary systems involving octane and decane as aliphatic 
hydrocarbons and [BMpyr][NTf2], [BMpyr][DCA] and [N4441][NTf2] as extraction agents 
is presented. 
This comparison allows to know how the presence of one or two aliphatic hydrocarbons 
affects on the extraction capability of the studied ILs, which is needed to continue the study 
of the behaviour of real mixtures present in petrochemical streams. Following this aim, the 
values of the solute distribution ratios and selectivities of the ternary and quaternary systems 
studied are compared. 
 
4.4.1. Analysis of the results 
The extraction parameters, solute distribution ratio and selectivity, are represented as a 
function of the mass fraction of benzene in the aliphatic hydrocarbon-rich phase. It should 
be highlighted that the selectivity presented for the ternary systems is named S, and it is 
defined as 𝑆𝑆 = 𝑥𝑥2II𝑥𝑥1I 𝑥𝑥2I 𝑥𝑥1II⁄ , while the selectivity calculated from the tie-lines compositions 
of the quaternary systems is termed S1+2, and it is obtained using the expression: 𝑆𝑆1+2 =(𝑥𝑥3II(𝑥𝑥1I + 𝑥𝑥2I )) (𝑥𝑥3I (𝑥𝑥1II + 𝑥𝑥2II⁄ )). On the other hand, in order to avoid the overlapping of the 
large number of calculated parameters, only three different initial feeds of octane (indicated 
in the corresponding figure caption) were represented for the quaternary system. These 
compositions were chosen in order to perform a comparative study of the solute distribution 
ratios and selectivities obtained at low, medium and high compositions of octane in the initial 
feed. 
The comparison of the results obtained for the phase equilibrium of the ternary and 
quaternary systems investigated in this work are shown in the following figures, which 
follow the name of Figures 4.4.1.X. (a) and (b), where X depicts the ionic liquid used as 
extraction agent, with 1 referring to [BMpyr][NTf2], 2 to [BMpyr][DCA] and 3 to 
[N4441][NTf2], and (a) and (b) represent the results obtained for the solute distribution ratio 




Figure 4.4.1.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the quaternary system {octane (1) + decane (2) + benzene (3) + 
[BMpyr][NTf2] (4)} with an initial feed of [BMpyr][NTf2], w4 = 0.400, and different initial feeds of 
octane, w1 = 0.055 (), 0.253 () and 0.444 (), and the ternary systems {octane (1) + benzene (2) 
+ [BMpyr][NTf2] (3)} ( ) and {decane (1) + benzene (2) + [BMpyr][NTf2] (3)} ( ) at T = 298.15 
K and atmospheric pressure 
In Figure 4.4.1.1. (a), the β values for the ternary and quaternary systems with 
[BMpyr][NTf2] as solvent is shown, it can be concluded that the values of β calculated for 
the quaternary system are lower than those obtained for the ternary systems in the whole 
range of compositions of benzene in the upper phase for low, medium, and high 
concentrations of octane in the initial feed. It is noteworthy that when both aliphatic 
hydrocarbons are together in the mixture the values of the solute distribution ratio decrease 
at high compositions of octane in the initial feed. 
The values of S1+2 are in the same order of magnitude than those obtained for the ternary 
system in which octane is the aliphatic hydrocarbon at low composition of octane in the 
initial feed. Besides, it can be observed that the values of selectivity are similar in the ternary 
and quaternary systems from compositions of benzene in the upper phase 𝑤𝑤benzeneI ≥  0.50. 
Additionally, an increase in the composition of octane in the initial feed leads to a decrease 
in the values of the selectivities calculated from the composition of the experimental tie-lines 
of the quaternary system. 
These results show that the presence of both aliphatic hydrocarbons leads to worse results 
in the extraction of benzene from octane and decane than those obtained for the systems with 
a single aliphatic hydrocarbon in the mixture. 
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In Figures 4.4.1.2. (a) and (b) the values of the solute distribution ratio and selectivity 
obtained for the ternary and quaternary systems in which the ionic liquid [BMpyr][DCA] is 
the entrainer are depicted. 
  
Figure 4.4.1.2. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the quaternary system {octane (1) + decane (2) + benzene (3) + 
[BMpyr][DCA] (4)} with an initial feed of [BMpyr][DCA], w4 = 0.370, and different initial feeds of 
octane, w1 = 0.092 (), 0.244 () and 0.432 (), and the ternary systems {octane (1) + benzene (2) 
+ [BMpyr][DCA] (3)} ( ) and {decane (1) + benzene (2) + [BMpyr][DCA] (3)} ( ) at T = 298.15 
K and atmospheric pressure 
In general terms, the β obtained for the ternary system {decane (1) + benzene (2) + 
[BMpyr][DCA] (3)} are higher than the β calculated for the quaternary system, being the 
lowest values of the solute distribution ratio those obtained for the ternary system involving 
octane as aliphatic hydrocarbon. Additionally, it can be observed that the values of the solute 
distribution ratio of the quaternary system are more similar to those obtained for the ternary 
system containing decane until 𝑤𝑤benzeneI ≥  0.40.  
As it can be observed in Figure 4.4.1.2. (b), the highest values of S were obtained for the 
ternary system {decane (1) + benzene (2) + [BMpyr][DCA] (3)}, followed by the values of 
S1+2 calculated for the quaternary system and the lowest values were obtained for the ternary 
system {octane (1) + benzene (2) + [BMpyr][DCA] (3)}. Besides, it is also possible to note 
that the S1+2 values are similar to those calculated for the ternary system {octane (1) + 
benzene (2) + [BMpyr][DCA] (3)} at medium and at high concentrations of octane in the 
initial feed, although the S1+2 values are more similar to those calculated for the ternary 
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system {decane (1) + benzene (2) + [BMpyr][DCA] (3)} at low concentrations of octane in 
the initial feed. 
Therefore, it can be stated that the presence of octane in the quaternary system affects the 
extraction of benzene from its mixture with decane and octane, since an increase in the 
concentration of octane in the initial feed leads to a decrease in the values of both the solute 
distribution ratio and selectivity. 
The values of the extraction parameters calculated for the ternary and quaternary systems 
in which the ionic liquid is [N4441][NTf2] are depicted in Figures 4.4.1.3. (a) and (b).  
  
Figure 4.4.1.3. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the quaternary system {octane (1) + decane (2) + benzene (3) + 
[N4441][NTf2] (4)} with an initial feed of [N4441][NTf2], w4 = 0.368, and different initial feeds of 
octane, w1 = 0.063 (), 0.234 () and 0.428 (), and the ternary systems {octane (1) + benzene (2) 
+ [N4441][NTf2] (3)} ( ) and {decane (1) + benzene (2) + [N4441][NTf2] (3)} ( ) at T = 298.15 K 
and atmospheric pressure 
The values of β calculated for the quaternary system are lower than those obtained for the 
ternary systems, and become lower with the increase in the composition of octane in the 
initial feed. This fact means that benzene presents higher affinity for [N4441][NTf2] in the 
presence of one aliphatic hydrocarbon than in the presence of both aliphatic hydrocarbons; 
besides, the addition of decane in the mixture leads to lower values of solute distribution 
ratio. 
The comparison of the selectivities obtained for the ternary and the quaternary systems is 
shown in Figure 4.4.1.3. (b). The highest values of selectivity are obtained for the ternary 
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system in which decane is the aliphatic hydrocarbon. In general terms, the values of the 
selectivity calculated for the quaternary system are intermediate between those obtained for 
the ternary systems.  
These results mean that the presence of both aliphatic hydrocarbon affects negatively on 
the separation of benzene from octane and decane using the ionic liquid [N4441][NTf2] as 
extraction agent, since an increase in the composition of octane in the initial feed implies a 
decrease in the values of both extraction parameters.  
 
4.4.2. Summary and conclusions 
A summary of the main conclusions drawn in this subchapter are presented. 
A comparison between the results of the extraction parameters obtained for the quaternary 
systems and those for the corresponding ternary systems was performed in order to better 
understand the behaviour of the compounds implied on the extraction of benzene. 
Regarding the comparison of the results obtained for the ternary and quaternary involving 
the ionic liquid [BMpyr][DCA], it can be highlighted as main conclusion that the extraction 
of benzene was enhanced when there was only decane in the mixture. Besides, the mixture 
of octane and decane in this quaternary system led to better results on the extraction of 
benzene than the obtained on the extraction of benzene from octane. 
Comparing the ternary and quaternary systems in which the ILs were [BMpyr][NTf2] and 
[N4441][NTf2], it can be drawn that the extraction of benzene was greatly affected when both 
aliphatic hydrocarbons were present in the mixture, and especially when the concentration 
of octane in the initial feed was high, since high compositions of octane in the initial feed 
led to values of the solute distribution ratio and the selectivity lower than those obtained for 
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5. Liquid-liquid extraction using  
Low Transition Temperature Mixtures 
By inspection of literature available in Scopus database, a large number of works focused 
on the liquid-liquid extraction of aromatics from aliphatic hydrocarbons using ionic liquids 
as extraction agents have been published in the last years (243 citations) while similar 
investigations for the liquid-liquid equilibrium of this kind of separation using low 
transitions temperature mixtures (LTTMs) as entrainers are really scarce (8 
citations)1,2,3,4,5,6,7,8. Hence in this chapter, the potential use of the LTTMs as extraction 
agents in the aromatic/aliphatic hydrocarbon separation is analysed, specifically in the 
separation of benzene from its mixture with hexane using two different low transition 
temperature mixtures. 
The mixture {hexane + benzene} was selected since this mixture has been widely studied 
with ILs as entrainers but not studied enough with LTTMs. Furthermore, in order to select 
an appropriate low transition temperature mixture for the separation of benzene from hexane, 
a preliminary study of the solubility of benzene and of hexane in several LTTMs was carried 
out. Based on the results obtained in the solubility study, the mixtures tetrahexylammonium 
bromide : ethylene glycol in molar ratio (1:2), N6666 Br:EG (1:2), and tetrahexylammonium 
1 Kareem M.A., Mjalli F.S., Hashim M. A., Hadj-Kali M.K.O., Bagh F.S.G., Alnashef I.M., Fluid Phase Equilibr. 333 
(2012) 47-54 
2 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
3 González A.S.B., Francisco M., Jimeno G., Lago García S., Kroon M. C., Fluid Phase Equilibr. 360 (2013) 54–62 
4 Kareem M.A., Mjalli F.S., Hashim M.A., Hadj-Kali M.K.O., Bagh F.S. G., Alnashef I.M., J. Chem. Thermodyn. 65 (2013) 
138–149 
5 Mulyono S., Hizaddin H.F., Alnashef I.M., Hashim M.A., Fakeeha A.H., Hadj-Kali M.K., RSC Adv. 4 (2014) 17597-
17606  
6 Hizaddin H.F., Sarwono M., Hashim M.A., Alnashef I.M., Hadj-Kali M.K., J. Chem. Thermodyn. 84 (2015) 67–75 
7 Hou Y., Li Z., Ren S., Wu W., Fuel Process. Technol. 135 (2015) 99-104  
8 Hadj-Kali M.K., Green Process. Synth. 4 (2015) 117-123 
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bromide : glycerol in molar ratio (1:2), N6666 Br:Gly (1:2) were selected as LTTMs to study 
the extraction of benzene from hexane. 
Taking into account the above commented, the LLE data for the ternary systems {hexane 
(1) + benzene (2) + N6666Br:EG (1:2) (3)} and {hexane (1) + benzene (2) + N6666Br : Gly 
(1:2) (3)} were determined at T = (298.15 and 308.15) K and atmospheric pressure. Thus, 
the influence of the temperature as well as of the role of the hydrogen bond acceptor (HBA) 
in the low transition temperature mixture on the extraction of benzene can be studied. A 
summary of the ternary systems studied in this chapter is presented in Table 5.1. 






Hydrocarbon Entrainer T / K 
I 








The extraction effectiveness of the LTTMs for the separation of benzene from its mixture 
with hexane was evaluated by the calculation of the solute distribution ratio, β, and the 
selectivity, S, derived from the experimental LLE data. Subsequently, the experimental LLE 
data were correlated using the Non-Random Two-Liquid (NRTL) thermodynamic model1. 
Finally, the values obtained for the solute distribution ratio and selectivity were compared 
with those found in literature for the mixture with ILs, sulfolane and other LTTMs as 
extraction agents. 
  
1 Renon H.,. Prausnitz J.M, J. AlChE. 14 (1968) 135-144 
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5.1. Solubility test 
As it has been mentioned on several occasions during this thesis, one of the requirements 
to be a suitable extraction solvent in the separation of aromatic and aliphatic hydrocarbons 
is for the aromatics to present a high solubility in the solvent combined with a low or null 
solubility of the aliphatic hydrocarbon in the solvent1,2. Besides this, other aspects were 
considered in the selection such as that the solvent was liquid at room temperature and not 
presented a high viscosity, which make it easy to handle and use. 
Therefore, in this work 60 different low transition temperature mixtures were prepared 
and a preliminary study of the solubility of hexane and benzene in them was performed. The 
selection of the starting materials, hydrogen bond donor (HBD) and hydrogen bond acceptor 
(HBA), was carried out taking into account the following issues: 
• Benzoic acid and proline were chosen as HBD and HBA, respectively, based on the 
molecular structure of the precursors, given that the similitude of structure between 
the solvent and the solute leads to favourable interactions for the solubilisation. 
• Choline chloride was selected as HBA since it has been widely studied in literature3, 
especially the low transition temperature mixture urea : choline chloride (2:1)4 which 
is the first LTTM reported. 
• The LTTMs based on natural carboxylic acids and amino acids were also tested. These 
type of LTTMs have been extensively studied by the Separation Technology Group 
(Eindhoven University of Technology) in other applications5 since these acids are 
cheap, biodegradables and good precursors of LTTMs. 
• Other LTTMs used in the aromatic/aliphatic hydrocarbons separation reported in 
literature6,7,8 as well as other combinations of quaternary ammonium salts with 
different HBDs previously studied in literature9,10,11,12,13 were chosen to perform the 
preliminary study of solubility. 
1 Meindersma G.W., Hansmeier A.R., de Haan A.B., Ind. Eng. Chem. Res. 49 (2010) 7530-7540 
2 Meindersma G.W., Podt A., de Haan A.B., Fuel Processing Technol. 87 (2005) 59-70 
3 Dai Y., van Spronsen J., Witkamp G.-J., Verpoorte R., Choi Y.H., Anal. Chim. Acta 766 (2013) 61-68 
4 Abbott A.P., Capper G., Davies D.L., Rasheed R.K., Tambyrajah V., Green Chem. 1 (2003) 70-71 
5 Francisco M., van den Bruinhorst A., Kroon M.C., Green Chem. 14 (2012) 2153-2157 
6 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
7 González A.S.B., Francisco M., Jimeno G., Lago García S., Kroon M.C., Fluid Phase Equilibr. 360 (2013) 54– 62 
8 Mulyono S., Hizaddin H.F., Alnashef I.M., Hashim M.A., Fakeeha A.H., Hadj-Kali M.K., RSC Adv. 4 (2014) 17597-17606 
9 Abbott A.P., Cullis P.M., Gibson M.J., Harris R.C., Raven E., Green Chem. 9 (2007) 868-872 
10 Kareem M.A., Mjalli F.S., Hashim M.A., Hadj-Kali M.K.O., Bagh F.S.G., Alnashef I.M., J. Chem. Thermodyn. 65 (2013) 138–149 
11 Hizaddin H.F., Sarwono M., Hashim M.A., Alnashef I.M., Hadj-Kali M.K., J. Chem. Thermodyn. 84 (2015) 67–75 
12 Kareem M.A., Mjalli F.S., Hashim M.A., Hadj-Kali M.K.O., Bagh F.S.G., Alnashef I.M., Fluid Phase Equilibr. 333 (2012) 47-54 
13 Li C., Li D., Zou S., Li Z., Yin J., Wang A., Cui Y., Yao Z., Zhao Q., Green Chem. 15 (2013) 2793-2799 
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The different LTTMs prepared following the procedure described in section 2.2.3.1. are 
displayed in Table 5.1.1. The suppliers and purities of the different HBDs and HBAs are 
shown in Appendix E. 
Table 5.1.1. HBD and HBA selected for the LTTM preparation 
Nº HBD HBA 
Molar  
ratio 
1 benzoic acid choline chloride 3:1 
2 benzoic acid choline chloride 1:1 
3 benzoic acid choline chloride 10:1 
4 adipic acid proline 1:3 
5 glycolic acid proline 1:1 
6 glycolic acid proline 1:3 
7 citric acid proline 1:1 
8 succinic acid proline 1:3 
9 lactic acid proline 3:1 
10 malic acid proline 1:3 
11 oxalic acid proline 1:1 
12 lactic acid choline chloride 2:1 
13 glycolic acid choline chloride 1:1 
14 glycolic acid choline chloride 3:1 
15 malic acid choline chloride 1:1 
16 urea choline chloride 2:1 
17 glycolic acid alanine 3:1 
18 glycolic acid glycine 3:1 
19 glycolic acid betaine 3:1 
20 lactic acid alanine 3:1 
21 lactic acid alanine 5:1 
22 lactic acid alanine 9:1 
23 lactic acid glycine 3:1 
24 lactic acid glycine 5:1 
25 lactic acid glycine 9:1 
26 lactic acid histidine 3:1 
27 lactic acid histidine 5:1 
28 lactic acid histidine 9:1 
29 lactic acid betaine 2:1 
30 lactic acid betaine 3:1 
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Table 5.1.1. Continuation 
Nº HBD HBA 
Molar  
ratio 
32 choline chloride glycerol 1:2 
33 choline chloride glycerol 1:3 
34 choline chloride glycerol 1:4 
35 choline chloride ethylene glycol 1:2 
36 choline chloride ethylene glycol 1:3 
37 choline chloride ethylene glycol 1:4 
38 choline chloride imidazole 3:7 
39 methyltriphenylphosponium bromide glycerol 1:2 
40 methyltriphenylphosponium bromide glycerol 1:3 
41 methyltriphenylphosponium bromide ethylene glycol 1:3 
42 methyltriphenylphosponium bromide ethylene glycol 1:4 
43 methyltriphenylphosponium bromide ethylene glycol 1:5 
44 tetramethylammonium chloride choline chloride 1:2 
45 tetramethylammonium chloride glycerol 1:2 
46 tetramethylammonium chloride ethylene glycol 1:2 
47 tetramethylammonium chloride urea 1:2 
48 tetraethylammonium chloride choline chloride 1:2 
49 tetraethylammonium chloride elycerol 1:2 
50 tetraethylammonium chloride ethylene glycol 1:2 
51 tetrabutylammonium chloride choline chloride 1:2 
52 tetrabutylammonium chloride glycerol 1:2 
53 tetrabutylammonium chloride ethylene glycol 1:2 
54 tetrabutylammonium chloride malic acid 1:2 
55 2-cloroethyltrimethylammonium chloride choline chloride 1:2 
56 2-cloroethyltrimethylammonium chloride glycerol 1:2 
57 2-cloroethyltrimethylammonium chloride ethylene glycol 1:2 
58 tetrahexylammonium bromide choline chloride 1:2 
59 tetrahexylammonium bromide glycerol 1:2 





Since some of the starting requirements to be a suitable extraction solvent are that the 
solvent is liquid at room temperature and that it does not present a high viscosity, those 
LTTMs which not presented these characteristics were discarded to perform the preliminary 
study of the solubility of the studied hydrocarbons. Therefore, the LTTMs 1, 2, 3, 22, 25, 38 
and 41, which were solid at room temperature, the LTTMs 8, 10, 15, 23, 26, 27 and 54 that 
presented a high viscosity, as well as the LTTMs which were not formed under the conditions 
employed (LTTMs 4, 6, 17, 44, 47, 48, 51, 55 and 58) or formed foams (LTTMs 7 and 11) 
were discarded for the solubility test. 
The solubility test with the rest of the prepared LTTMs were performed at T = 298.15 K 
and atmospheric pressure. The procedure used to calculate those solubilities was based on 
the “cloud point” method1. Briefly, approximately 4 g of LTTM were introduced into a vial 
and the corresponding hydrocarbon was added drop-wise until a slight turbidity in the 
samples was observed. Then, the compositions of the samples were determined by weighing. 
Due to the fact that the aliphatic hydrocarbons studied in literature2,3,4,5,6 present low 
solubility in the LTTMs, it was decided to test the solubility of benzene in the prepared 
LTTMs. Then, the solubility of hexane was only determined in those LTTMs in which the 
solubility of benzene was at least moderate. In Table 5.1.2. the obtained solubilities of 
benzene in mole fraction are shown, along with the molar mass of the tested LTTMs. 
  
1 Letcher T.M., Siswana P.M., Fluid Phase Equilibr. 74 (1992) 203-217 
2 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
3 González A.S.B., Francisco M., Jimeno G., Lago García S., Kroon M.C., Fluid Phase Equilibr. 360 (2013) 54– 62 
4 Kareem M.A., Mjalli F.S., Hashim M.A., Hadj-Kali M.K.O., Bagh F.S. G., Alnashef I.M., J. Chem. Thermodyn. 65 (2013) 
138–149 
5 Mulyono S., Hizaddin H.F., Alnashef I.M., Hashim M.A., Fakeeha A.H., Hadj-Kali M.K., RSC Adv. 4 (2014) 17597-
17606 
6 Hizaddin H.F., Sarwono M., Hashim M.A., Alnashef I.M., Hadj-Kali M.K., J. Chem. Thermodyn. 84 (2015) 67–75 
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Table 5.1.2. Molar mass of the indicated LTTMs and solubilities of benzene in mole fraction  
Nº MLTTM / (g·mol-1) xbenzene 
 Nº MLTTM / (g·mol-1) xbenzene 
5 95.52 0.004  34 101.60 0.021 
9 96.25 0.030  35 87.92 0.048 
12 106.13 0.060  36 81.46 0.046 
13 107.57 0.023  37 77.58 0.048 
14 93.48 0.015  39 180.47 0.025 
16 71.83 0.040  40 158.37 0.054 
18 75.81 0.030  42 121.10 0.135 
19 86.33 0.026  43 111.26 0.025 
20 89.83 0.016  45 97.93 0.032 
21 89.92 0.053  49 116.63 0.050 
24 87.58 0.039  50 96.61 0.193 
28 96.59 0.027  52 154.03 0.011 
29 99.10 0.040  53 134.02 0.013 
30 96.85 0.048  56 92.92 0.014 
31 105.09 0.043  57 72.91 0.056 
32 107.93 0.029  59 206.25 miscible 
33 103.97 0.025  60 186.24 0.844 
 
From this table, it can be observed that the LTTMs 42, 50, 59 and 60 presented moderate 
solubilities of benzene; therefore, the solubility of hexane were determined at T =298.15 K 
and atmospheric pressure, being the values obtained in mole fraction: xhexane = 0.005, 0.003, 
0.205 and 0.157, respectively. In view of the results obtained, these low transition 
temperature mixtures seem to be a priori promising extraction solvents for the extraction of 
benzene from hexane. 
In Table 5.1.3. the name and molar ratio of the LTTMs which were liquid at room 
temperature, not presented a high viscosity and presented higher solubility of benzene and 





Table 5.1.3. Promising LTTMs for the separation of benzene from hexane at T = 298.15 K and 
atmospheric pressure 
Nº HBD HBA Molar ratio 
42 methyltriphenylphosphonium bromide ethylene glycol 1:4 
50 tetraethylammonium chloride ethylene glycol 1:2 
59 tetrahexylammonium bromide ethylene glycol 1:2 
60 tetrahexylammonium bromide glycerol 1:2 
 
As it can be drawn, the four LTTMs are formed by phosphonium or ammonium salts as 
hydrogen bond donor and ethylene glycol or glycerol as hydrogen bond acceptor. Since the 
LTTM 59 and 60 present the highest solubilities of benzene, these LTTMs seem to be the 
most promising extraction solvents to study the extraction of benzene from hexane. 
Thus, the low transition temperature mixtures tetrahexylammonium bromide : glycerol in 
molar ratio (1:2), N6666Br:EG, and tetrahexylammonium bromide : ethylene glycol in molar 
ratio (1:2), N6666Br:Gly, were chosen to experimentally perform the separation of benzene 
from hexane. 
 
5.2. LLE determination 
In this section, the liquid-liquid equilibria of the ternary systems {hexane (1) + benzene 
(2) + N6666Br:EG (3)} and {hexane (1) + benzene (2) + N6666Br:Gly (3)} determined at                   
T = (298.15 and 308.15) K and atmospheric pressure are presented. The study of the 
influence of temperature and the change of the HBA in the LTTM on the extraction of 
benzene from hexane is also included as well as a comparison between the data obtained in 
this work with those found in literature. 
5.2.1. Experimental procedure  
The experimental procedure for the determination of the LLE data of ternary systems 
using LTTMs as extraction solvents is described below.  
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Previously to the LLE determination, a study of the solubility of benzene and hexane in 
the two LTTMs selected was carried out at T = (298.15 and 308.15) K and atmospheric 
pressure.  
A summary of these solubilities in mole fraction of the corresponding hydrocarbon is 
shown in Table 5.2.2.1.  With these data, the effect of the temperature as well as of the 
influence of the change of the HBA in the low transition temperature mixture on the 
solubilities can be studied.  
Table 5.2.2.1. Solubility of hexane and benzene in the studied LTTMs in mole fraction of the 
corresponding hydrocarbon 
LTTM T / K xhexane xbenzene 
N6666Br:EG  
298.15 0.205 miscible 
308.15 0.230 miscible 
N6666Br:Gly  
298.15 0.157 0.844 
308.15 0.169 0.858 
 
It is important to note that benzene is completely miscible in N6666Br:EG, which is not 
the usual behaviour of benzene in previous studies on the extraction of benzene from 
aliphatic hydrocarbons using ionic liquids or other low transition temperature mixtures. 
From the solubility values shown in Table 5.2.1. it can be inferred that an increase in the 
temperature leads to a slight increase in the solubility of hexane and benzene in the studied 
LTTMs and that both hydrocarbons are more soluble in the low transition temperature 
mixture involving ethylene glycol as hydrogen bond acceptor. 
─ Liquid-liquid equilibrium determination  
The experimental LLE data were undertaken at the studied temperatures (T = 298.15 and 
308.15 K) and atmospheric pressure. For the experimental determination of the tie-lines, 
mixtures of the studied components within the immiscible region were prepared by 
weighing. The mixtures were placed into vials of 15 mL sealed with rubber covers to avoid 
losses by evaporation or moisture absorption. Then, they were vigorously stirred for at least 
3 h in order to allow an intimate contact between the two phases and they were allowed to 
settle overnight in a thermostatic bath to guarantee that the equilibrium was completely 
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reached. The control of temperature during the experiments was carried out using a 
temperature controller (IKA ETS-D5) with an uncertainty in the measurement of ±0.1 K. 
After the phase separation, samples of both phases were withdrawn using a syringe and their 
compositions were determined. This procedure was described in detail in section 4.2.1.  
─ Determination of the phase compositions  
The composition analysis were carried out using a GC-FID. Pentane was used as internal 
standard and acetone was used to dilute all the samples to maintain a homogeneous mixture 
and to avoid the phase splitting during the analysis.  
Since low transition temperature mixtures have very low vapour pressure, they cannot be 
analysed by GC, so only hexane and benzene were analysed. Since for the determination of 
the composition of a ternary mixture only the composition of two components is needed, the 
low transition temperature mixture composition was calculated by difference. The 
chromatograph operation conditions and the chromatographic method were previously 
summarised in section 2.1.6. 
All the samples were measured at least twice, and the average value was calculated. To 
obtain the error of the technique used for the determination of the compositions, three 
validation points were evaluated, being the largest deviation of the phase composition of 
±0.012 in mole fraction. The compositions of the validation points are shown in Table F1 
given as Appendix F. 
 
5.2.2. Experimental data 
In this section, the experimental LLE data of the ternary systems {hexane (1) + benzene 
(2) + LTTM (3)} at T = (298.15 and 308.15) K and atmospheric pressure are presented. 
In order to evaluate the feasibility of the studied LTTMs to perform the extraction of 
benzene from its mixture with hexane, the solute distribution ratio, β, and the selectivity, S, 
were calculated from the experimental LLE data according to the following equations 
4.2.2.1. and 4.2.2.2. where superscripts I and II indicate the upper (hexane-rich phase) and 
lower phase (LTTM-rich phase), respectively, and subscripts 1 and 2 refer to hexane and 
benzene, respectively.  
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Finally, all the ternary systems studied were correlated using the NRTL thermodynamic 
model.  
The experimental LLE data for the studied ternary systems are presented in the following 
figures and tables, which follow the order described below. 
In Tables 5.2.2.Y.X., the experimental phase compositions in mole fraction together with 
the calculated values of β and S are shown when Y = 1, and the binary interaction parameters, 
∆gij, the non-randomness parameter, αij, and the root-mean-square deviations of the 
compositions, σx, for the corresponding correlation with the NRTL model are shown when 
Y = 2. 
In Figures 5.2.2.Y.X., the tie-lines obtained for the ternary systems studied from the 
experimental LLE data and those calculated from the NRTL model are shown when Y=1, 
and the solute distribution ratio, β, and the selectivity, S, as a function of the mole fraction 
of benzene in the upper phase are represented when Y = 2. 
For all the presented tables and figures X means the corresponding studied ternary system 





Table 5.2.2.1.I. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 298.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.929 0.071  0.202 0.076  1.07 4.94 
0.872 0.128  0.210 0.129  1.01 4.19 
0.812 0.188  0.209 0.178  0.95 3.67 
0.710 0.290  0.215 0.264  0.91 3.01 
0.603 0.397  0.229 0.344  0.87 2.28 
0.473 0.527  0.235 0.439  0.83 1.67 
0.383 0.617  0.244 0.539  0.87 1.38 
0.309 0.691  0.242 0.634  0.92 1.17 
 


























Figure 5.2.2.1.I. Experimental and calculated LLE tie-lines of the ternary system {hexane (1) + 
benzene (2) + N6666Br:EG (3)} at T = 298.15 K and atmospheric pressure, ( ): experimental and            
( ): calculated using the NRTL model  
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Table 5.2.2.2.I. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {hexane (1) + benzene 
(2) + N6666Br:EG (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -23.44 1.483 0.15 0.444 
1-3 73.69 5.696   




Figure 5.2.2.2.I. a) Solute distribution ratio and b) selectivity as a function of the mole fraction of 
benzene in the upper phase for the ternary system {hexane (1) + benzene (2) + N6666Br:EG (3)} at     











































Table 5.2.2.1.II. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the ternary 
system {hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 308.15 K and atmospheric pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.949 0.051  0.225 0.051  1.00 4.24 
0.886 0.114  0.225 0.108  0.94 3.71 
0.822 0.178  0.225 0.165  0.93 3.38 
0.710 0.290  0.229 0.254  0.88 2.71 
0.597 0.403  0.231 0.339  0.84 2.17 
0.463 0.537  0.239 0.448  0.84 1.62 
0.361 0.639  0.245 0.564  0.88 1.30 
0.297 0.703  0.240 0.653  0.93 1.15 
 


























Figure 5.2.2.1.II. Experimental and calculated LLE tie-lines of the ternary system {hexane (1) + 
benzene (2) + N6666Br:EG (3)} at T = 308.15 K and atmospheric pressure, ( ): experimental and            
( ): calculated using the NRTL model 
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Table 5.2.2.2.II. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {hexane (1) + benzene 
(2) + N6666Br:EG (3)} at T = 308.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -23.02 1.464 0.15 0.488 
1-3 78.04 5.941   




Figure 5.2.2.2.II. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction of 
benzene in the upper phase for the ternary system {hexane (1) + benzene (2) + N6666Br:EG (3)} at     













































Table 5.2.2.1.III. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 298.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.927 0.073  0.152 0.103  1.41 8.58 
0.798 0.202  0.140 0.204  1.01 5.77 
0.700 0.300  0.146 0.276  0.92 4.43 
0.596 0.404  0.138 0.321  0.79 3.42 
0.482 0.518  0.133 0.384  0.74 2.69 
0.368 0.632  0.138 0.493  0.78 2.09 
0.277 0.723  0.127 0.566  0.78 1.70 
0.202 0.798  0.110 0.628  0.79 1.45 
0.138 0.862  0.087 0.684  0.79 1.26 
 


























Figure 5.2.2.1.III. Experimental and calculated LLE tie-lines of the ternary system {hexane (1) + 
benzene (2) + N6666Br:Gly (3)} at T = 298.15 K and atmospheric pressure, ( ): experimental and           
( ): calculated using the NRTL model  
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Table 5.2.2.2.III. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {hexane (1) + benzene 
(2) + N6666Br:Gly (3)} at T = 298.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 -6.303 12.87 0.10 0.395 
1-3 105.9 5.023   





Figure 5.2.2.2.III. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper phase for the ternary system {hexane (1) + benzene (2) + N6666Br:Gly (3)} 
at   T = 298.15 K and atmospheric pressure 
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Table 5.2.2.1.IV. Experimental LLE data, solute distribution ratio, β, and selectivity, S, for the 
ternary system {hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 308.15 K and atmospheric 
pressure 
Upper phase  Lower phase  β S 
ݔଵ୍ ݔଶ୍  ݔଵ୍୍  ݔଶ୍୍   
0.939 0.061  0.147 0.077  1.27 8.11 
0.841 0.159  0.144 0.146  0.92 5.37 
0.805 0.195  0.141 0.175  0.90 5.15 
0.704 0.296  0.141 0.237  0.80 3.99 
0.590 0.410  0.140 0.317  0.77 3.26 
0.478 0.522  0.137 0.402  0.77 2.69 
0.358 0.642  0.133 0.486  0.76 2.03 
0.268 0.732  0.128 0.583  0.80 1.67 
0.194 0.806  0.108 0.656  0.81 1.46 
0.133 0.867  0.085 0.723  0.83 1.30 
 


























Figure 5.2.2.1.IV. Experimental and calculated LLE tie-lines of the ternary system {hexane (1) + 
benzene (2) + N6666Br:Gly (3)} at T = 308.15 K and atmospheric pressure, ( ): experimental and             
( ): calculated using the NRTL model  
Liquid-liquid extraction using LTTMs  
209 
Table 5.2.2.2.IV. NRTL parameters, gij and ij, and root-mean-square deviations of the 
compositions, x, obtained from LLE correlation data for the ternary system {hexane (1) + benzene 
(2) + N6666Br:Gly (3)} at T = 308.15 K and atmospheric pressure 
i-j gij / (kJ·mol-1) gij / (kJ·mol-1) ij x 
1-2 4.199 1.256 0.10 0.214 
1-3 106.9 4.876   





Figure 5.2.2.2.IV. (a) Solute distribution ratio and (b) selectivity as a function of the mole fraction 
of benzene in the upper phase for the ternary system {hexane (1) + benzene (2) + N6666Br:Gly (3)} 










































As it can be observed in the triangular diagrams, according to the classification proposed 
by Sørensen et al.1, the ternary systems involving ethylene glycol as HBA in the LTTM 
correspond to Type 1 category, in which two of the pair of compounds exhibit complete 
miscibility and only one pair is partially miscible, since hexane and benzene are completely 
soluble in all proportions. Moreover, the ternary systems with N6666Br:EG as LTTM 
correspond to Type 2 category, since two of the pairs of compounds exhibit partial 
miscibility and only one pair is miscible in the whole range of compositions.  
The values of the selectivity are greater than the unity in all the systems studied, which 
indicates that both LTTMs can be used for the separation of benzene from hexane, although 
the S values are not very high (S = 1.06 to 8.58). In Figures 5.2.2.2.X. (b) it can also be 
observed that the selectivity values decrease when the concentration of benzene in the upper 
phase increases.  
Regarding the values of the solute distribution ratio, the values of β are close to unity in 
the 4 ternary systems presented, which means that the amount of solvent required for the 
extraction of benzene from hexane would not be very high. Besides, it is also observed that 
the β values decrease with the increase of the concentration of benzene in the upper phase 
until x2I ≅ 0.5 from which the values of β increase again for all the studied systems with 
LTTMs as extraction agents, although a more pronounced increase for the systems involving 
N6666Br:EG as entrainer is observed. This behaviour is not the usual generally found in 
ternary systems with other extraction solvents, but it is in ternary systems with sulfolane. 
In Tables 5.2.2.2.X. the binary interaction parameters, ∆gij, the non-randomness 
parameters, αij, and the root-mean-square deviations of the compositions, σx, for the 
corresponding correlation with the NRTL model are shown. The low values obtained for the 
σx indicate that the NRTL model accurately describes the experimental behaviour of the 





1 Sørensen J.M., Magnussen T., Rasmussen P., Fredenslund A., Fluid Phase Equilibr. 2 (1979) 297-309 
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5.2.3. Discussion of the influences 
In this section the experimental LLE data for the ternary systems presented in the previous 
section are analysed in terms of the influence of the temperature as well as of the role of the 
change of the hydrogen bond acceptor in the low transition temperature mixtures on the 
extraction of benzene from hexane.  
 
5.2.3.1. Influence of the temperature 
The influence of the temperature on the extraction of benzene from hexane using the 
studied LTTMs can be observed in Figures 5.2.3.1.1. and 5.2.3.1.2. 
  
Figure 5.2.3.1.1. Solute distribution ratio as a function of the mole fraction of benzene in the upper 
phase for the ternary system (a) {hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 298.15 K () 
and T = 308.15 K () and (b) {hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 298.15 K () 
and T = 308.15 K () and atmospheric pressure 
The analysis of the effect of the temperature shows that the change of temperature does 
not appreciably affect the results of the extraction, since the values of the solute distribution 
ratio and selectivity are quite similar at the two studied temperatures in both LTTMs. 
However, it is possible to observe that an increase in temperature leads to lower values of β 
at concentrations of benzene in the upper phase x2I ≤ 0.5 for the ternary systems performed 
at T = 308.15 K for both LTTMs.  
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Figure 5.2.3.1.2. Selectivity as a function of the mole fraction of benzene in the upper phase for the 
ternary system (a) {hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 298.15 K () and                                    
T = 308.15 K () and (b) {hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 298.15 K () and            
T = 308.15 K () and atmospheric pressure 
Similarly, the selectivity values calculated for the ternary systems of the two studied low 
transition temperature mixtures at T = 308.15 K show values slightly lower than those at                           
T = 298.15 K until x2I ≅ 0.4. 
 
5.2.3.2. Influence of the hydrogen bond acceptor 
In Figures 5.2.3.2.1. and 5.2.3.2.2., the influence of the change of ethylene glycol by 
glycerol as hydrogen bond acceptor in the low transition temperature mixtures on the 
separation of benzene from hexane is analysed.  
   
Figure 5.2.3.2.1. Solute distribution ratio as a function of the mole fraction of benzene in the upper 
phase for the ternary systems {hexane (1) + benzene (2) + LTTM (3)} at (a) T = 298.15 K and                 
(b) T = 308.15 K where N6666Br:EG is represented by squares and N6666Br:Gly by triangles 
xI2
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Regarding the values of β, the ternary systems involving N666 6Br:EG as extraction solvent 
exhibit higher values of the solute distribution ratio from x2I ≈ 0.3 at T = 298.15 K and in 
the case of the comparison at T = 308.15 K from x2I ≈ 0.2; this trend is inversed being the 
order of β N6666Br:Gly > N6666Br:EG at lower values of the indicated compositions of 
benzene in the upper phase.  
  
Figure 5.2.3.2.2. Selectivity as a function of the mole fraction of benzene in the upper phase for the 
ternary systems {hexane (1) + benzene (2) + LTTM (3)} at (a) T = 298.15 K and (b) T = 308.15 K 
where N6666Br:EG is represented by squares and N6666Br:Gly by triangles 
The highest values of the selectivity were obtained for the ternary system {hexane (1) + 
benzene (2) + N6666Br:Gly (3)} at the two studied temperatures, which is related to the low 
solubility of hexane in the low transition temperature mixture N6666Br:Gly. 
 
5.2.4. Comparison with literature 
In this section, a comparison between the experimental LLE data of the ternary systems 
{hexane (1) + benzene (2) + N6666Br:EG or N6666Br:Gly (3)} determined at T = 298.15 K 
and atmospheric pressure and those found in literature for the systems {hexane (1) + benzene 
(2) + ionic liquids, or sulfolane, or LTTMs (3)} is performed.  
As it was previously commented, the change of temperature does not appreciably affect 
the results of the extraction of benzene from hexane using the two studied LTTMs as 
solvents. Because of this, the comparison was carried out using only the values of β and S 
calculated from the experimental and literature LLE data determined at T = 298.15 K and 
atmospheric pressure.  
xI2
































On the other hand, due to the differences in molar masses between the studied LTTMs 
and the other solvents, the comparison is presented in mass fraction, w. The molar masses 
of all the solvents involved in this section are displayed in Appendix D. 
5.2.4.1. Comparison with ionic liquids  
The comparison of the experimental values of β and S for the ternary systems {hexane 
(1) + benzene (2) + N6666Br:EG or N6666Br:Gly (3)} experimentally determined and those 
found in literature for the ternary system {hexane (1) + benzene (2) + ionic liquid (3)} is 
presented in Figures 5.2.4.1.1. and 5.2.4.1.2.  
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Figure 5.2.4.1.1. Solute distribution ratio as a function of the mass fraction of benzene in the 
upper phase for the ternary systems {hexane (1) + benzene (2) + solvent (3)}: ( ) N6666Br:EG,               
( ) N6666Br:Gly, (ǀ) [Epy][ESO4]1, () [EMim][ESO4]2, () C2NTf2 3, (─) [C2Mim][NTF2]4,                                 
( ) [C3Mim][NTf2]5, () [C4Mim][NTf2]6, () [C8Mim][NTf2]6, () [C10Mim][NTf2]6,                                    
() [C12Mim][NTf2]6, () [EMpy][ESO4]7, () [BMim][FeCl4]8, () [BMim][PF6]9,                                 
() [TEMA][MSO4]10, () [BMim][NO3]11, () [OMim][NO3]11 and () [BMim][MSO4]12 at               
T = 298.15 K and atmospheric pressure 
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In general terms, the values of β obtained for the studied LTTMs are higher than those 
obtained for most of the ILs found in literature. However, the ILs [CnMim][NTf2] with             
n = 10 and 12 present values of β higher than those obtained in this work with LTTMs for 
certain compositions of benzene in the upper phase. 
Regarding the values of β obtained for the ternary system involving [C12Mim][NTf2] and 
[C10Mim][NTf2], it can be observed that the values of the solute distribution ratio obtained 
for the ternary system involving N6666Br:EG are higher than those obtained for the ternary 
systems involving these ILs from w2I  0.50, (for both ILs).  
Furthermore, the β values obtained for the system containing [C12Mim][NTf2] are higher 
than those obtained for the ternary system {hexane (1) + benzene (2) + N6666Br:Gly (3)} in 
the whole range of the compositions of benzene in the upper phase, while the values of β 
calculated for the system with [C10Mim][NTf2] as extraction agent are higher than those 
obtained for the system involving the LTTM N6666Br:Gly from compositions of benzene in 
the upper phase of w2I  0.20.  
On the other hand, the selectivities values as a function of the mass fraction of benzene 
in the upper phase are shown in Figure 5.2.4.1.2. 
 
  
Liquid-liquid extraction using LTTMs  
 
Figure 5.2.4.1.2. Selectivity as a function of the mass fraction of benzene in the upper phase for the 
ternary systems {hexane (1) + benzene (2) + solvent (3)}: ( ) N6666Br:EG, ( ) N6666Br:Gly,                       
(ǀ) [Epy][ESO4]1, () [EMim][ESO4]2, () C2NTf2 3, (─) [C2Mim][NTF2]4, ( ) [C3Mim][NTf2]5, 
()[C4Mim][NTf2]6, () [C8Mim][NTf2]6, () [C10Mim][NTf2]6, () [C12Mim][NTf2]6,                         
() [EMpy][ESO4]7, () [BMim][FeCl4]8, () [BMim][PF6]9, () [TEMA][MSO4]10,                                 
() [BMim][NO3]11, () [OMim][NO3]11 and () [BMim][MSO4]12 at T = 298.15 K and 
atmospheric pressure.  
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The selectivities obtained for the ternary systems in which the LTTMs are the extraction 
solvents are among the lowest shown in the comparison, although the selectivity values are 
in the same order of magnitude than those obtained for the ternary systems with 
[C12Mim][NTf2] and [C10Mim][NTf2]. 
The S values calculated for the ternary systems with [C12Mim][NTf2] and N6666Br:EG are 
quite similar, although it is noted that the values of the selectivity obtained for the system 
involving N6666Br:EG are slightly higher at low concentrations of benzene in the upper 
phase. On the other hand, the values of S obtained for the ternary system with N6666Br:Gly 
are higher than those obtained for system with [C12Mim][NTf2] in the whole range of 
concentration of benzene in the upper phase.  
The selectivities obtained for the ternary system {hexane (1) + benzene (2) + N6666Br:Gly 
(3)} are higher than those for the ternary with the ionic liquid [C10Mim][NTf2] until               
w2I  0.60, from which the values of S obtained for both compared ternary systems become 
quite similar. Furthermore, the selectivities obtained for the ternary systems involving 
[C10Mim][NTf2] are higher than those obtained for the system with N6666Br:EG along the 
whole range of compositions of benzene in the upper phase.  
The remaining ionic liquids present higher selectivity values than the S obtained for the 
ternary systems involving the studied LTTMs, being the highest selectivities those obtained 
for the ternary system {hexane (1) + benzene (2) + [TEMA][NTf2] (3)}.  
 
5.2.4.2. Comparison with sulfolane  
Under this heading, a comparison between the experimental LLE data of the ternary 
systems {hexane (1) + benzene (2) + N6666Br:EG or N6666Br:Gly (3)} and {hexane (1) + 
benzene (2) + sulfolane (3)}32 determined at T = 298.15 K and atmospheric pressure is 
presented in Figures 5.2.4.2.1. (a) and (b).  
                                                            
32 Chen J., Duan L.-P., Mi J.-G., Fei W.-Y., Li Z.-C., Fluid Phase Equilibr. 173 (2000) 109–119 
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Figure 5.2.4.2.1. (a) Solute distribution ratio and (b) selectivity as a function of the mass fraction of 
benzene in the upper phase for the ternary systems {hexane (1) + benzene (2) + solvent (3)}:                   
( ) N6666Br:EG, ( ) N6666Br:Gly, () sulfolane1 at T = 298.15 K and atmospheric pressure  
As it can be inferred from Figure 5.2.4.2.1. (a), the β values obtained for the ternary 
system with sulfolane are in the same order of magnitude than those obtained for the ternary 
systems with LTTMs at low concentrations of benzene in the upper phase, although from 
w2I ≅ 0.30 the values of β for the ternary system with sulfolane are higher.  
The selectivities obtained for the ternary system in which sulfolane is the solvent are 
higher than those obtained for the ternary systems studied in this chapter, even though when 
the concentration of benzene in the upper phase increases, the selectivity values of the 
compared ternary systems become more similar.  
 
5.2.4.3. Comparison with LTTMs  
The comparison of the LLE data of the systems {hexane (1) + benzene (2) + LTTM (3)} 
found in literature and the LLE data obtained for the ternary systems involving the LTTMs 
tested in this work is displayed below. 
The values of β and S obtained from the LLE data reported for the LTTMs 
methyltriphenylphosponium bromide : ethylene glycol in molar ratio (1:4)2, (1:6)2 and 
(1:8)2, whose abbreviations are PE (1:4), PE (1:6) and PE (1:8), respectively, at T = 300.15 
K and atmospheric pressure, the LLE data for the ternary systems with the LTTMs                           
1 Chen J., Duan L.-P., Mi J.-G., Fei W.-Y., Li Z.-C., Fluid Phase Equilibr. 173 (2000) 109–119 
2 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
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lactic acid : choline chloride in molar ratio (2:1), LC (2:1)1, and glycerol : choline chloride 
in molar ratio (2:1), GC (2:1)1 and the LLE data presented in this chapter (for the ternary 
systems with N6666Br:EG and N6666Br:Gly as solvents) at T = 298.15 K and atmospheric 
pressure are displayed in Figures 5.2.4.3.1. (a) and (b). 
Figure 5.2.4.3.1. (a) Solute distribution ratio and (b) selectivity as a function of benzene in the upper 
phase for the ternary systems {hexane (1) + benzene (2) + LTTM (3)} ( ) N6666Br:EG,                                   
( ) N6666Br:EG, () LC (2:1)1, () GC (2:1)1 at T = 298.15 K and () PE (1:4) 2, () PE (1:6)2 
and () PE (1:8)2 at T =300.15 K and atmospheric pressure 
The values of β for the ternary systems studied in this chapter are higher than those 
obtained for the ternary systems involving LC (2:1), GC (2:1) and PE (1:6) as solvents, 
similar to the β obtained for the ternary system {hexane (1) + benzene (2) + PE (1:8)} and 
lower than those obtained for the ternary system in which PE (1:4) is the solvent. 
As it can be observed in Figure 5.2.4.3.1. (b), the selectivities obtained for the ternary 
systems determined in this work are lower than the S obtained for the ternary systems in 
which the other LTTMs are the solvents. 
 
5.3. Summary and conclusions 
In this section, the main outcomes from the study of the separation of benzene from 
hexane using the low transition temperature mixtures as extraction solvents are summarised. 
1 González A.S.B., Francisco M., Jimeno G., Lago García S., Kroon M.C., Fluid Phase Equilibr. 360 (2013) 54– 62 
2 Kareem M.A., Mjalli F.S., Hashim M.A., AlNashef I.M., Fluid Phase Equilibr. 314 (2012) 52– 59 
 
     w
I
2




































                                                          
Liquid-liquid extraction using LTTMs  
First of all, the selection of an appropriate low transition temperature mixture for the 
extraction of benzene from hexane was carried out. For this purpose, 60 LTTMs were 
prepared and a preliminary study of the solubility of hexane and benzene was carried out. 
After discarding those LTTMs which are solid at room temperature, present high viscosity, 
are not formed under the conditions employed or form foams, a solubility test was 
performed. The highest solubility of benzene and moderate or low solubility of hexane are 
obtained for the LTTMs: methyltriphenylphosphonium bromide : ethylene glycol (1:4), 
tetraethylammonium chloride : ethylene glycol (1:2), tetrahexylammonium bromide : 
ethylene glycol (1:2) and tetrahexylammonium bromide : glycerol (1:2). Since the highest 
solubilities of benzene are obtained for the tetrahexylammonium bromide based-LTTMs, 
these LTTMs were chosen to carry out the study of the extraction of benzene from hexane. 
The experimental LLE of the ternary systems {hexane (1) + benzene (2) + N6666Br:EG or 
N6666Br:Gly (3)} were determined at T = (298.15 and 308.15) K and atmospheric pressure. 
The influence of the temperature as well as of the role of the hydrogen bond acceptor in the 
LTTM on the separation capability of the studied LTTMs were analysed. Finally, the 
experimental results for the ternary systems were satisfactorily correlated using the NRTL 
thermodynamic model. 
The study of the influence of the temperature shows that the change of temperature does 
not appreciably affect the results of the extraction, given that the values of the solute 
distribution ratio and the selectivity are quite similar at both studied temperatures.  
Regarding the values of β and S obtained for the systems with the two studied LTTMs, 
higher values of β are obtained for the ternary system involving N6666Br:EG whereas higher 
selectivity values are found for the systems containing N6666Br:Gly. 
Since the values of β and S obtained for the ternary systems with the two studied LTTMs 
are in the same order of magnitude, any of the two studied LTTMs could be used for the 
extraction of benzene from hexane. Nevertheless, it should be taken into account that, 
although the S values for the ternary systems with N6666Br:Gly are higher, the viscosity of 
N6666Br:Gly is also higher, making its handling more difficult. Besides, it is noteworthy that 
the behaviour of β and S for the systems {hexane (1) + benzene (2) + N6666Br:EG (3)} at 
both studied temperatures combines the behaviour of the ILs at low compositions of benzene 
and that of the sulfolane at high compositions of benzene in the upper phase. 
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Finally, a comparison between the values of β and S obtained from the experimental LLE 
of the investigated ternary systems and those found in literature with other solvents such as 
ILs, sulfolane and other LTTMs was carried out.  
In the comparison with ionic liquids, the ternary systems studied show β of the same order 
of magnitude than that for a systems with the ILs [C10Mim][NTf2] and [C12Mim][NTf2]. 
Comparing the ternary systems with the investigated LTTMs and those found with 
sulfolane, the values of β obtained for the system involving sulfolane are higher than those 
obtained for the ternary systems investigated at concentration of benzene in the upper phase 
from w2I ≅ 0.30.  
Regarding the comparison of the results obtained with the LTTMs studied in this work 
and other LTTMs used in literature, the values of β for the ternary systems studied in this 
chapter are higher than those obtained for most of the reported LTTMs. 
On the other hand, the selectivities obtained for the ternary systems involving the LTTMs 
N6666Br:EG and N6666Br:Gly are lower than the S obtained for the ternary systems presented 
(with other solvents) in the different comparisons.  
Taking everything into consideration, it can be drawn that the LTTMs can be used as 
extraction solvents for the separation of benzene from hexane replacing the traditional 






























   








6. Summary and conclusions 
In this thesis, the suitability of ionic liquids and low transition temperature mixtures 
as an alternative to replace the conventional organic solvents in the separation of 
aromatic/aliphatic hydrocarbons mixtures has been evaluated. A summary of the tasks 
developed as well as the most outstanding conclusions drawn from the results obtained in 
this work are presented. 
─ Characterisation of the solvents 
Physical properties such as density, ρ, refractive index, nD, speed of sound, u, and 
viscosity, η, were experimentally determined at T = (293.15 to 343.15) K and at 
atmospheric pressure aiming to characterise the two ammonium-based ILs, [N4111][NTf2] 
and [N4441][NTf2]. Moreover, the characterisation of the LTTMs used in the study of the 
extraction of benzene from hexane, N6666Br:EG (1:2) and N6666Br:Gly (1:2), was 
performed by the measurement of density and viscosity from T = (293.15 to 343.15) K 
and at atmospheric pressure. Furthermore, from the experimental density data, the 
coefficients of thermal expansion were calculated. 
In both families of solvents, a linear dependence of the density, refractive index and 
speed of sound with the temperature was found in the studied range, whereas the viscosity 
values were fitted using the Arrhenius-like law and the Vogel-Fuchel-Tamman (VFT) 
equations. 
According to the experimental results, the following conclusion were ascertained: 
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• All the studied properties decrease as temperature increases, being the influence of 
the temperature over the viscosity stronger than over the other studied properties 
for all the characterised solvents.  
• The VFT equation provides the best fit for the viscosity data of all the studied 
solvents. 
• The properties of the studied ILs show that an increase in the length of the alkyl 
chain of the cation of the ionic liquid leads to a decrease in the density and an 
increase in the refractive index and the speed of sound. Moreover, the values of 
viscosity increases when the alkyl chain in the cation lengthens.  
• The experimental results of the properties of the ILs show a good agreement with 
the data reported in literature. 
• Regarding the properties of the tested LTTMs, higher densities and viscosities are 
obtained for the LTTM involving glycerol.  
• The coefficients of thermal expansion for all the characterised solvents are in the 
same order of magnitude than those reported for other ILs previously investigated.  
─ Liquid-liquid extraction using ILs 
The suitability of different ionic liquids as extraction agents was evaluated in the 
separation process of benzene from aliphatic hydrocarbons by liquid-liquid extraction. 
Following this aim and in an attempt to get a deeper understanding about the behaviour 
of the complex real industrial mixtures, the study of 66 binary systems {aromatic 
hydrocarbon (1) + ionic liquid (2)}, 17 ternary systems {aliphatic hydrocarbon (1) + 
benzene (2) + ionic liquid (3)} and 3 quaternary systems {octane (1) + decane (2) + 
benzene (3) + ionic liquid (4)} was carried out.  
All the LLE data were correlated using the NRTL thermodynamic model. Finally, the 
experimental LLE data was compared with those found in literature.  
 Binary systems 
Firstly, the LLE of 66 binary systems involving 11 different ILs, [EMim][NTf2], 
[HMim][NTf2], [HMim][DCA], [EMpy][NTf2], [PMpy][NTf2], [EMpy][ESO4], 
[BMpyr][NTf2], [BMpyr][TfO], [BMpyr][DCA], [N4111][NTf2] and [N4441][NTf2], and 
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the aromatic hydrocarbons, benzene, toluene, ethylbenzene and xylene isomers were 
determined at T = (293.15-333.15) K, every 5K, and atmospheric pressure.  
With the experimental LLE data of these binary systems, the influence of the structural 
characteristics of both aromatic hydrocarbons and of the ILs was analysed in order to find 
an ionic liquid capable of solubilising the aromatic hydrocarbons at high proportions.  
The main conclusions drawn from the experimental binary LLE data are presented 
below: 
• The solubility of all the aromatic hydrocarbons in the ammonium-based ILs 
increases when the temperature is increased, while the solubility of the aromatics 
in the remaining studied ILs (imidazolium, pyridinium and pyrrolidinium-based 
ILs) decreases with the increase in the temperature. Moreover, the effect of the 
temperature on the phase behaviour is rather small.  
• The solubility sequence of the aromatic hydrocarbons in the studied ILs follows in 
general the order: benzene > toluene > o-xylene > ethylbenzene > m-xylene ≥                   
p-xylene.  
• The highest solubilities of the aromatics are found for the ILs involving the [NTf2]- 
anion, since in general terms the order observed was: [NTf2]- > [DCA]- > [TfO]- > 
[ESO4]-. 
• An increase in the alkyl chain length of the cation of the ionic liquid implies an 
increase in the solubility of all the studied aromatics. On the other hand, the change 
of pyrrolidinium by ammonium cation shows that the solubility of all the aromatics 
follows the trend: [N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2].  
• The highest solubilities of all the studied aromatic hydrocarbons are obtained using 
the ILs [HMim][NTf2] and [N4441][NTf2] while the lowest ones are found when the 
ionic liquid used is [EMpy][ESO4].  
• The NRTL model satisfactorily correlates the experimental LLE data. 
• The comparison of the experimental binary LLE data with those found in literature 




 Ternary systems 
Based on the outcomes obtained in the study of the binary systems and taking into 
account considerations such as the toxicity, the viscosity and the melting point, among 
others, the experimental LLE of 17 ternary mixtures composed of benzene as aromatic, 
octane, decane and dodecane as aliphatic hydrocarbons and the ILs [BMpyr][NTf2], 
[BMpyr][TfO], [BMpyr][DCA], [N4111][NTf2] and [N4441][NTf2] as extraction agents 
were determined at several temperatures and atmospheric pressure.  
The experimental LLE data of these ternary systems allowed to the analysis of the 
influence of the temperature and the impact of the aliphatic hydrocarbon features (chain 
length) as well as of the ionic liquids structural changes (cation and anion nature, alkyl 
side chain length of the cation) on the phase behaviour. These analyses were carried out 
in terms of the solute distribution ratio, β, and the selectivity, S.  
Furthermore, a comparison of the extraction results of the studied ternary systems with 
those reported in literature for [BMim][NTf2] and sulfolane was carried out. 
The main outcomes obtained from the experimental ternary LLE data are summarised 
ahead: 
• The studied aliphatic hydrocarbons are partially miscible in the ILs. In general 
terms, an increase in the alkyl chain length of the hydrocarbons leads to a decrease 
in their solubility in the ILs.  
• The solubility of octane and decane in the tested ILs follows the order: 
[N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2] > [BMpyr][TfO] > 
[BMpyr][DCA] while in the case of the solubility of dodecane the order is: 
[N4441][NTf2] > [N4111][NTf2] > [BMpyr][NTf2] ≈ [BMpyr][DCA] > 
[BMpyr][TfO].  
• The solubilities of the aliphatic hydrocarbons are highly ionic liquid anion 
dependent, being the obtained order: [NTf2]- > [TfO]- > [DCA]-.  
• All the ternary systems show solutropic behaviour; the slope of the tie-lines is 
negative for almost all of the tested ternary systems, although those involving 
[BMpyr][NTf2] and [N4441][NTf2] show a change in the slope from positive to 
negative as the aromatic content increases. 
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• Both β and S values decrease when the concentration of benzene is increased in the 
ionic liquid-rich phase in all the ternary systems presented. 
• The effect of the temperature is rather small on the extraction of benzene from 
octane using the ionic liquid [N4441][NTf2], since similar values of β and S are 
obtained at the three studied temperatures.  
• An increase in the alkyl chain length of the aliphatic hydrocarbons leads to a 
decrease in the values of β and S in the ternary systems involving the pyrrolidinium-
based ILs and [N4111][NTf2] while in the systems containing [N4441][NTf2] higher 
values of β are associated to lower values of S. 
• The anion nature has a great influence on the behaviour of the LLE data for the 
studied ternary systems, since in general terms the β values decrease in the order: 
[BMpyr][DCA] > [BMpyr][NTf2] > [BMpyr][TfO]. On the other hand, the S values 
show the order: [BMpyr][DCA] > [BMpyr][TfO] ≥ [BMpyr][NTf2]. 
• Comparing the ternary systems involving ILs with the [NTf2]- anion, the β values 
follow the order: [N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2] while the 
behaviour of the S is: [N4111][NTf2] > [BMpyr][NTf2] > [N4441][NTf2]. Therefore, 
the structure of the substituents of the ammonium cation affects more on the 
extraction of benzene than the change of the nature of the cation of the ionic liquid.  
• All the experimental LLE data of the tested ternary systems are satisfactorily 
correlated using the NRTL thermodynamic model. 
• The comparison of the ternary systems {octane (1) + benzene (2) + ionic liquid (3)} 
involving [BMim][NTf2] (reported in literature) and [BMpyr][NTf2] shows similar 
results of the extraction parameters for both systems, but due to the fact that the 
pyrrolidinium-based ionic liquid is less toxic than the imidazolium-based ionic 
liquid its use as extraction agent in the separation of benzene from octane would be 
more convenient from an environmental point of view. 
• Comparing the solute distribution ratios obtained in this work with those reported 
for the systems involving sulfolane, the higher β values are obtained for the systems 
involving sulfolane and octane as aliphatic hydrocarbon. When the aliphatic 
hydrocarbon is decane, the β values for the system involving [BMpyr][DCA] are 
higher than obtained for the system with sulfolane. Moreover, in the systems 
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containing dodecane, the β values obtained with [BMpyr][DCA], [BMpyr][TfO] 
and sulfolane are in the same order of magnitude.  
• Regarding the comparison of the selectivity, when the aliphatic hydrocarbon is 
octane, the highest S values are obtained for the system containing [BMpyr][DCA]; 
when it is changed by decane, the systems involving pyrrolidinium-based ILs show 
higher S values than those reported for sulfolane, and when the aliphatic 
hydrocarbon is dodecane the order of the S values is: [BMpyr][DCA] > 
[BMpyr][TfO] > [BMpyr][NTf2] ≥ [N4111][NTf2] > [N4441][NTf2] > sulfolane. 
• Taking everything into account, the ionic liquid [BMpyr][DCA] can be considered 
the best candidate among the studied ILs in the extraction of benzene from its 
mixtures with octane, decane or dodecane since it shows the highest β and S values 
among the studied ILs. Besides, the S values are higher than those reported for the 
systems involving sulfolane and show higher β values than the obtained for the 
system with sulfolane when the aliphatic hydrocarbon is decane. 
 Quaternary systems 
With the purpose of approaching the true compositions of petrochemical streams, the 
experimental LLE data of the quaternary systems {octane (1) + decane (2) + benzene (3) 
+ ionic liquid (4)} were determined at T = 298.15 K and atmospheric pressure. The ionic 
liquids were selected among those which showed the best results on the extraction of 
benzene in the ternary systems: [BMpyr][DCA], [BMpyr][NTf2] and [N4441][NTf2].  
The solute distribution ratio, β, and the selectivity, S1+2, were used to determine 
whether these ionic liquids could be used as possible extraction agents on the extraction 
of benzene from its mixtures with octane and decane at T = 298.15 K and atmospheric 
pressure.  
The main conclusions derived from the experimental quaternary LLE data are 
presented below: 
• The size of the miscible region in the pseudo-ternary systems show a decrease in 
the order: [N4441][NTf2] > [BMpyr][NTf2] > [BMpyr][DCA]. Besides, all the 
systems show a solutropic behaviour and in the systems involving [N4441][NTf2] 
and [BMpyr][NTf2] the slopes change from positive to negative values when the 
benzene content is increased.  
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• In general, the values of the solute distribution ratio and of the selectivity decrease 
when the composition of benzene increase in the ionic liquid-rich phase. 
Furthermore, an increase in the composition of octane in the initial feed implies an 
increase in the β values and a decrease in the S1+2 values. 
• The highest values of the solute distribution ratio and selectivity are obtained for 
the quaternary system involving [BMpyr][DCA].  
• Comparing the values of the extraction parameters obtained for the systems 
containing the ILs with the [NTf2]- anion, it is observed that the β values follow the 
order: [N4441][NTf2] > [BMpyr][NTf2], whereas the selectivity values followed the 
inverse trend. 
• The NRTL model describes accurately the experimental LLE data. 
• In view of the obtained results, the ionic liquid [BMpyr][DCA] would be the most 
adequate solvent out of the three studied ILs for the extraction of benzene from its 
mixtures with octane and decane, since a higher purity of benzene could be achieved 
using a fewer amount of solvent in the extraction process. 
 Comparison of the ternary and quaternary systems: 
The comparison of the values of the solute distribution ratios and the selectivities 
obtained for the ternary {octane or decane (1) + benzene (2) + ionic liquid (3)} and 
quaternary {octane (1) + decane (2) + benzene (3) + ionic liquid (4)} systems was 
performed in order to study the influence of the presence of two aliphatic hydrocarbons 
in the results of the extraction of benzene. 
The general conclusions drawn from these comparisons are displayed below: 
• The comparison of the results obtained for the ternary and quaternary involving the 
ionic liquid [BMpyr][DCA] shows that the extraction of benzene is enhanced when 
there is only decane in the mixture. Even though, the mixture of octane and decane 
in this quaternary system leads to better results on the extraction of benzene than 
the obtained on the extraction of benzene from octane. 
• The conclusions drawn from the comparison of the ternary and quaternary systems 
in which the ILs are [BMpyr][NTf2] and [N4441][NTf2] show that the presence of 
both aliphatic hydrocarbons affects negatively on the extraction of benzene, 
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especially at high compositions of octane in the initial feed at which the solute 
distribution ratios and the selectivities are lower than those obtained for the 
corresponding ternary systems. 
Taking into account all the results obtained in the study of the extraction of benzene 
using ionic liquids as extraction agents, the ionic liquid [BMpyr][DCA] would be the 
most adequate solvent of the studied ILs for the extraction of benzene from its mixtures 
with octane, decane or dodecane individually and from its mixture of octane and decane 
at T = 298.15 K and atmospheric pressure. On the other hand, this ionic liquid presents 
several attractive aspects to consider such as its low viscosity and low melting point which 
make easier its handling and use as well as presenting lower toxicity than other ILs due 
to the pyrrolidium cation together with the nature of the dicyanamide anion.  
 
─ Liquid-liquid extraction using LTTMs 
The purpose of this section was to study the potential use of LTTMs as extraction 
solvents in the separation of benzene from hexane.  
For this ending, the selection of the LTTMs was carried out through a selection among 
60 different LTTMs, studying the solubility of benzene and hexane in them according to 
the requirements to be a suitable extraction solvents as well as to their viscosity and 
aggregation state at room temperature. The mixtures tetrahexylammonium bromide : 
ethylene glycol in molar ratio (1:2), N6666Br:EG, and tetrahexylammonium bromide : 
glycerol in molar ratio (1:2), N6666Br:Gly, were selected as promising candidates to study 
the extraction of benzene from hexane. 
Then, the experimental LLE determination of the ternary systems {hexane (1) + 
benzene (2) + N6666Br:EG or N6666Br:Gly (3)} was performed at T = (298.15 and 308.15) 
K and atmospheric pressure. With these experimental LLE data, the effect of the 
temperature as well as the effect of the role of the hydrogen bond acceptor (HBA) in the 
low transition temperature mixture were analysed in terms of the extraction parameters. 
All the ternary systems were correlated using the NRTL model.  
Finally, a comparison between the obtained results and those reported in literature for 
the studied mixture with ILs, sulfolane and other LTTMs was carried out with the aim of 
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discerning whether the studied LTTMs are a feasible alternative as extraction agents to 
separate benzene from hexane. 
The main outcomes from this study are summarised below: 
• Temperature is not determining in the extraction results since the obtained values 
of β and S are quite similar at both studied temperatures. 
• The values of β and S obtained for the ternary systems with the two studied LTTMs 
are in the same order of magnitude. Nevertheless, it is possible to observe that 
higher values of β are obtained for the ternary system involving N6666Br:EG 
whereas higher selectivity values are found for the systems containing N6666Br:Gly.  
• The behaviour of β and S for the system {hexane (1) + benzene (2) + N6666Br:EG 
(3)} at both studied temperatures combines the behaviour of the ILs at low 
compositions of benzene and that of the sulfolane at high compositions of benzene 
in the upper phase. 
• Comparing the values of β with those reported in literature for other solvents, the β 
values obtained for the LTTMs studied in this work are in the same order of 
magnitude than the systems with the ILs [C10Mim][NTf2] and [C12Mim][NTf2], 
lower than those reported for the ternary system with sulfolane and higher than the 
β values obtained for most of the reported LTMMs.  
• Regarding the comparison of the values of the selectivity obtained in this work with 
those reported, the selectivities are lower than those obtained for the systems 
involving the other solvents. 
• Bearing all the above commented in mind, either of the two studied LTTMs could 
be used for the extraction of benzene from hexane. Nevertheless, it should be taken 
into account that, although the S values for the ternary systems with N6666Br:Gly 
are higher, the viscosity of N6666Br:Gly is also higher, making its handling more 
difficult.  
 
Once this work was developed, it can be concluded that the ionic liquids and low 
transition temperature mixtures evaluated represent a feasible alternative to replace the 
sulfolane in the investigated separation process. Notwithstanding, studies with more 
compounds and even real industrial mixtures and the economic analysis are needed in 
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order to properly evaluate the application of these designer solvents as entrainers in the 





























   







Resumen y conclusiones 
En los últimos años, la preocupación por reducir el impacto medioambiental de los 
procesos industriales ha dado lugar a regulaciones medioambientales mucho más 
restrictivas. Estas nuevas regulaciones demandan la producción de productos derivados del 
petróleo con menor contenido en azufre e hidrocarburos aromáticos con el fin de minimizar 
su impacto medioambiental.  
En la industria petroquímica, uno de los procesos más importantes es la extracción de 
hidrocarburos aromáticos de los productos derivados del petróleo. Los hidrocarburos 
aromáticos presentes en estos productos se encuentran combinados con otros compuestos 
(parafinas, olefinas, naftenos…) formando mezclas azeotrópicas o con puntos de ebullición 
muy próximos, haciendo su separación muy complicada. Entre los procesos de separación 
más utilizados se encuentran la destilación azeotrópica, la destilación extractiva y la 
extracción líquido-líquido, siendo ésta última la más ampliamente utilizada. Sin embargo, 
estas técnicas llevan asociados altos costes energéticos y el uso de disolventes orgánicos 
tóxicos y perjudiciales para el medioambiente. 
Por esta razón, el diseño de procesos de separación más respetuosos con el 
medioambiente y la búsqueda de nuevos disolventes que permitan reducir tanto la toxicidad 
de los disolventes utilizados así como el gasto energético de los procesos actuales es de suma 
importancia en la actualidad. 
En este contexto, los líquidos iónicos (cuyas siglas en inglés son ILs) y las mezclas de 
baja temperatura de transición (conocidas por sus siglas en inglés LTTMs), están atrayendo 
una gran atención como alternativa para reemplazar a los disolventes orgánicos 
convencionales en la separación de mezclas de hidrocarburos aromáticos y alifáticos de 
interés en la industria petroquímica. 
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Los líquidos iónicos son compuestos formados por la combinación de iones muy 
asimétricos y de gran tamaño que debido a las interacciones catión-anión que se establecen 
permanecen en estado líquido en un amplio rango de temperaturas. Estos compuestos son 
considerados una alternativa sostenible a los agentes de separación actualmente empleados, 
debido a sus interesantes propiedades, entre las que destacan: una presión de vapor 
despreciable, la cual evita problemas de olores y contaminación atmosférica, una alta 
estabilidad química y térmica y un excelente poder de disolución de un gran número de 
compuestos orgánicos e inorgánicos.  
Por otra parte, las mezclas de baja temperatura de transición son una nueva clase de 
compuestos que comparten muchas de las atractivas propiedades de los ILs. Están formados 
por una mezcla de uno o más compuestos dadores de puentes de hidrógeno (HBDs) y uno o 
más compuestos aceptores de puentes de hidrógeno (HBAs), que mezclados en la relación 
molar adecuada presentan un punto de fusión mucho menor que el de los compuestos 
iniciales. Además, la mezcla de estos compuestos forma generalmente una fase líquida a 
temperatura ambiente con muy baja volatilidad y con propiedades físico-químicas 
interesantes como su biodegradabilidad o su baja toxicidad, entre otras.  
Ambos tipos de compuestos suelen recibir el nombre de disolventes de diseño ya que sus 
propiedades físico-químicas pueden ser adaptadas a una aplicación específica mediante la 
combinación de distintos aniones y cationes en el caso de los líquidos iónicos y la 
combinación de distintos precursores así como la modificación de la relación molar en la 
mezcla en el caso de las mezclas de baja temperatura de transición.  
Por tanto, el objetivo principal de esta tesis es evaluar la aplicación de los líquidos iónicos 
y las mezclas de baja temperatura de transición como agentes de extracción con el fin de 
mejorar la sostenibilidad y eficiencia de la separación de hidrocarburos aromáticos de sus 
mezclas con hidrocarburos alifáticos. 
El estudio de la separación de mezclas de hidrocarburos aromáticos y alifáticos utilizando 
líquidos iónicos como agentes de extracción fue desarrollado en el grupo de Procesos de 
Separación Avanzada del Departamento de Ingeniería Química de la Universidad de Vigo 
(España), mientras que la investigación del uso de las mezclas de baja temperatura de 
transición como entrainers en la extracción de benceno en sus mezclas con hexano se realizó 
en el grupo de Tecnología de la Separación (SEP) del Departamento de Ingeniería Química 
y Química de la Universidad Tecnológica de Eindhoven (Holanda). 
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A continuación, se presenta un resumen de las tareas desarrolladas así como de las 
principales conclusiones extraídas a partir de los resultados experimentales obtenidos.  
Caracterización de los Líquidos Iónicos y las Mezclas de Baja 
Temperatura de Transición 
Los líquidos iónicos, bis(trifluorometilsulfonil)imida de butiltrimetilamonio, 
[N4111][NTf2], y bis(trifluorometilsulfonil)imida de tributilmetilamonio, [N4441][NTf2], se 
caracterizaron midiendo su densidad, índice de refracción, velocidad del sonido y viscosidad 
en el rango de temperaturas T = (293.15-343.15) K y presión atmosférica. Por otra parte, los 
LTTMs, bromuro de tetrahexilamonio : etilenglicol, N6666Br:EG (1:2), y bromuro de 
tetrahexilamonio : glicerol, N6666Br:Gly (1:2), se caracterizaron mediante la medida de la 
densidad y viscosidad en el rango de temperaturas T = (293.15-343.15) K y a presión 
atmosférica. Además, a partir de los datos experimentales de la densidad se calculó el 
coeficiente de expansión térmica para todos los disolventes caracterizados. 
Se utilizó una ecuación lineal para expresar la dependencia de las propiedades físicas, 
densidad, índice de refracción y velocidad del sonido con la temperatura mientras que la 
viscosidad fue ajustada usando las ecuaciones de la ley de Arrhenius y de Vogel-Fulcher-
Tamman (VFT), obteniendo un mejor ajuste con la ecuación de VFT para todos los 
compuestos estudiados. 
Las propiedades físicas de todos los disolventes decrecen al aumentar la temperatura, 
siendo esta dependencia mayor en el caso de la viscosidad. En el caso de los ILs, al aumentar 
la cadena alquílica del catión tanto la densidad como la viscosidad muestran un aumento en 
sus valores, mientras que el índice de refracción y la velocidad del sonido disminuyen. Los 
valores experimentales de las propiedades físicas de los ILs fueron comparados con los 
encontrados en la bibliografía obteniendo una buena concordancia entre ellos. Con respecto 
a las propiedades físicas de los LTTMs, los mayores valores de densidad y viscosidad se 
obtuvieron para el N6666Br:Gly (1:2). 
Finalmente, los valores obtenidos de los coeficientes de expansión térmica son del orden 
a los obtenidos para otros disolventes orgánicos y para líquidos iónicos previamente 
estudiados.   
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Extracción líquido-líquido utilizando líquidos iónicos 
Con el objetivo de evaluar la capacidad de diferentes líquidos iónicos como agentes de 
extracción en la separación de mezclas de hidrocarburos aromáticos y alifáticos, se llevó a 
cabo la determinación experimental del equilibrio líquido-líquido (ELL) de 66 sistemas 
binarios {hidrocarburo aromático (1) + líquido iónico (2)}, 17 sistemas ternarios {octano, 
decano o dodecano (1) + benceno (2) + líquido iónico (3)} y 3 sistemas cuaternarios {octano 
(1) + decano (2) + benceno (3) + líquido iónico (4)} a diferentes temperaturas y a presión 
atmosférica. 
Todos los datos experimentales del ELL se correlacionaron utilizando el modelo 
termodinámico NRTL, y finalmente, se compararon con los encontrados en la bibliografía 
para diversos líquidos iónicos y sulfolano. 
 Sistemas binarios 
Se realizó el estudio de 66 sistemas binarios formados por {hidrocarburo aromático (1) + 
líquido iónico (2)} en el rango de temperaturas T = (293.15-333.15) K y a presión 
atmosférica. Los hidrocarburos aromáticos y los líquidos iónicos utilizados se muestran en 
la siguiente tabla. 
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Tabla 1. Listado de los líquidos iónicos e hidrocarburos aromáticos utilizados en el estudio del ELL 















bis(trifluorometilsulfonil)imida de 1-hexil-3-metilimidazolio, [HMim][NTf2]  
dicianamida de 1-hexil-3- metilimidazolio, [HMim][DCA]  
bis(trifluorometilsulfonil)imida de 1-etil-3-metilpiridinio, [EMpy][NTf2]  
bis(trifluorometilsulfonil)imida de 1-propil-3-metilpiridinio, [PMpy][NTf2]  
etilsulfato de 1-etil-3-metilpiridinio, [EMpy][ESO4]  
bis(trifluorometilsulfonil)imida 1-butil-1-metilpirrolidinio, [BMpyr][NTf2]  
trifluorometanosulfonato de 1-butil-1-metilpirrolidinio, [BMpyr][TfO]  
dicianamida de 1-butil-1-metilpirrolidinio, [BMpyr][DCA]  
bis(trifluorometilsulfonil)imida de butiltrimetilamonio, [N4111][NTf2]  
bis(trifluorometilsulfonil)imida de tributilmetilamonio, [N4441][NTf2]  
 
Con los datos experimentales del ELL se analizó la influencia de las características 
estructurales tanto de los hidrocarburos aromáticos como de los líquidos iónicos.  
No se aprecia un efecto significativo de la temperatura en el ELL de los sistemas binarios, 
sin embargo se puede observar un ligero aumento en la solubilidad de todos los 
hidrocarburos aromáticos estudiados en los líquidos iónicos formados por el catión amonio 
al aumentar la temperatura, mientras que en el resto de ILs se observó un ligero descenso de 
la solubilidad de los hidrocarburos aromáticos cuando la temperatura aumenta.  
El análisis de la estructura de los hidrocarburos aromáticos muestra que la secuencia de 
solubilidad de éstos en los ILs investigados sigue el siguiente orden: benceno > tolueno >   
o-xileno > etilbenceno > m-xileno  p-xileno. 
El estudio de la influencia de la estructura del líquido iónico muestra que las mayores 
solubilidades se obtuvieron para los líquidos iónicos que presentan el anión [NTf2]-, ya que 
el orden observado es: [NTf2]- > [DCA]- > [TfO]- > [ESO4]-. Con respecto al efecto del catión 
del líquido iónico en la solubilidad de los hidrocarburos aromáticos, se observa que un 
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incremento en la longitud de la cadena alquílica conduce a un aumento de la solubilidad de 
todos los aromáticos en los ILs, y que el cambio del catión pirrolidinio por el catión amonio 
conduce al siguiente orden de solubilidades: [N4441][NTf2] > [BMpyr][NTf2] > 
[N4111][NTf2]. 
En vista de los resultados, las mayores solubilidades de todos los hidrocarburos 
aromáticos se obtuvieron para los líquidos iónicos [HMim][NTf2] y [N4441][NTf2] y las 
menores para el líquido iónico [EMpy][ESO4].  
Los datos experimentales de ELL se correlacionaron de forma satisfactoria con el modelo 
NRTL. Finalmente, la comparación de los datos de ELL de los sistemas binarios estudiados 
con los encontrados en la bibliografía muestra una muy buena concordancia entre ellos. 
 Sistemas ternarios 
En base a los resultados obtenidos en el estudio de los sistemas binarios y teniendo en 
cuenta otras consideraciones como los valores de toxicidad, de viscosidad y de punto de 
fusión de los diferentes líquidos iónicos, se determinó el ELL de 17 sistemas ternarios 
{octano, decano o dodecano (1) + benceno (2) + [BMpyr][NTf2], [BMpyr][TfO], 
[BMpyr][DCA], [N4441][NTf2] o [N4111][NTf2] (3)} a T = 298.15 K y a presión atmosférica, 
pudiendo analizar con estos sistemas la influencia de la estructura del hidrocarburo alifático 
y del líquido iónico. Además se determinó el ELL del sistema {octano (1) + benceno (2) + 
[N4441][NTf2] (3)} a T = (298.15, 308.15 y 318.15) K con el fin de analizar el efecto de la 
temperatura en el comportamiento de fases. Todos los análisis se realizaron en términos de 
los parámetros característicos de extracción, que son el coeficiente de distribución, β, y la 
selectividad, S. 
Previamente a la determinación del ELL, se realizó un estudio de la solubilidad de los 
hidrocarburos alifáticos en los 5 líquidos iónicos, obteniéndose que al aumentar la longitud 
de la cadena alquílica del hidrocarburo se produce una disminución de su solubilidad en los 
ILs. El orden de las solubilidades de octano y decano en los ILs es: [N4441][NTf2] > 
[BMpyr][NTf2] > [N4111][NTf2] > [BMpyr][TfO] > [BMpyr][DCA], mientras que en el caso 
del dodecano se observa el siguiente orden: [N4441][NTf2] > [N4111][NTf2] > [BMpyr][NTf2] 
 [BMpyr][DCA] > [BMpyr][TfO]. 
Los resultados obtenidos muestran que el anión del líquido iónico afecta notablemente la 
solubilidad de los hidrocarburos alifáticos, siendo el orden observado: [NTf2]- > [TfO]- > 
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[DCA]-, y que la solubilidad de octano en el líquido iónico [N4441][NTf2] aumenta cuando se 
incrementa la temperatura.  
A partir de los diagramas triangulares se puede observar que todos los sistemas ternarios 
presentan un comportamiento solutrópico, es decir, presentan un cambio en la pendiente de 
las líneas de reparto al aumentar la concentración de benceno, siendo los sistemas que 
contienen los líquidos iónicos [BMpyr][NTf2] y [N4441][NTf2], los únicos que muestran un 
cambio en la pendiente de positivo a negativo.  
La temperatura influye poco en la extracción benceno de sus mezclas con octano 
utilizando el líquido iónico [N4441][NTf2], ya que los valores de β y S obtenidos son bastante 
similares a las 3 temperaturas estudiadas. 
Los valores de los coeficientes de distribución y selectividad obtenidos para los sistemas 
ternarios en los que los líquidos iónicos están formados por el catión pirrolidinio y el líquido 
iónico [N4111][NTf2] muestran la siguiente tendencia: dodecano > decano > octano. Por el 
contrario, en los sistemas ternarios en los que el líquido iónico es [N4441][NTf2], altos valores 
de β están asociados con bajos valores de S.   
Comparando los valores de β y S para los sistemas ternarios en los que los líquidos iónicos 
contienen el catión pirrolidinio, se observa que los mayores valores de β se obtuvieron para 
el líquido iónico [BMpyr][DCA], siendo el orden obtenido para el coeficiente de 
distribución: [BMpyr][DCA] > [BMpyr][NTf2] > [BMpyr][TfO], y para la selectividad: 
[BMpyr][DCA] > [BMpyr][TfO] > [BMpyr][NTf2]. 
Al comparar los resultados obtenidos para los sistemas en los que los líquidos iónicos 
presentan el anión [NTf2]-, se observa que el orden seguido por los valores del coeficiente 
de distribución es: [N4441][NTf2] > [BMpyr][NTf2] > [N4111][NTf2], mientras que los valores 
de la selectividad siguen el siguiente orden: [N4111][NTf2] > [BMpyr][NTf2] > [N4441][NTf2]. 
Los datos del ELL de los sistemas ternarios estudiados se correlacionaron de forma 
satisfactoria con el modelo termodinámico NRTL. 
Finalmente, se realizó una comparación de los resultados del ELL de los sistemas 
ternarios estudiados con los encontrados en la bibliografía para el líquido iónico 
[BMim][NTf2] y el sulfolano.  
La comparación del sistema {octano (1) + benceno (2) + [BMim][NTf2] o [BMpyr][NTf2] 
(3)} muestra que los valores del coeficiente de distribución y la selectividad calculados son 
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muy similares. Sin embargo, debido al hecho de que los líquidos iónicos que contienen el 
catión pirrolidinio en su estructura presentan una menor toxicidad en comparación con los 
ILs basados en el catión imidazolio, el uso del líquido iónico [BMpyr][NTf2] como agente 
de extracción sería más conveniente desde un punto de vista medioambiental. 
La comparación con los resultados publicados para el sulfolano muestra que cuando el 
hidrocarburo alifático es octano, los mayores valores de β se obtienen para los sistemas con 
sulfolano. Cuando el hidrocarburo es decano, los valores obtenidos para el sistema con el 
líquido iónico [BMpyr][DCA] son mayores que los obtenidos para el sistema con sulfolano. 
Finalmente en los sistemas en los que el hidrocarburo es dodecano, los mayores valores del 
coeficiente de distribución se obtuvieron para los sistemas con los agentes de extracción: 
[BMpyr][DCA], [BMpyr][TfO] y sulfolano.  
Con respecto a la comparación de los valores de la selectividad, en los sistemas con 
octano como hidrocarburo alifático, las mayores S se obtuvieron para el líquido iónico 
[BMpyr][DCA]. Cuando el hidrocarburo es decano, las S obtenidas para los sistemas en los 
que los líquidos iónicos están formados por el catión pirrolidinio son mayores que las 
obtenidas para el sulfolano, y cuando el hidrocarburo es dodecano, el orden seguido por las 
selectividades es el siguiente: [BMpyr][DCA] >[BMpyr][TfO] > [BMpyr][NTf2]  
[N4111][NTf2] > [N4441][NTf2] > sulfolano. 
Teniendo en cuenta todo lo comentado, todos los líquidos iónicos evaluados podrían ser 
utilizados como agentes de extracción en la separación de benceno de sus mezclas con 
octano, decano o dodecano ya que los valores de la selectividad son mayores que la unidad.  
Además, se puede concluir que el candidato más idóneo sería el [BMpyr][DCA] por ser el 
líquido iónico que presenta mayores valores de β y S, y además los valores de β obtenidos 
para el sistema en el que el decano es el hidrocarburo alifático son mayores que los obtenidos 
para el sistema con sulfolano.  
 Sistemas cuaternarios 
Con el objetivo de acercarnos un poco más a la composición real de las corrientes de la 
industria petroquímica, se determinó experimentalmente el ELL de los sistemas cuaternarios 
{octano (1) + decano (2) + benceno (3) + [BMpyr][NTf2], [BMpyr][DCA] o [N4441][NTf2] 
(4)} a T = 298.15 K y a presión atmosférica. Estos tres líquidos iónicos fueron seleccionados 
para realizar el estudio por ser sus sistemas ternarios los que presentaron mayores valores de 
β y S. 
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A partir de los resultados experimentales del ELL se calcularon el coeficiente de 
distribución y la selectividad con el fin de evaluar la capacidad de estos líquidos iónicos 
como agentes de extracción en la separación de benceno de sus mezclas con octano y decano.  
En líneas generales, los valores del coeficiente de distribución y la selectividad 
disminuyen cuando la composición de benceno disminuye en la fase rica en hidrocarburo 
alifático, mientras que un aumento en la composición de octano en la alimentación conduce 
a un incremento en los valores de ambos parámetros. 
En los diagramas triangulares se puede observar que el tamaño de la zona miscible 
disminuye en el orden: [N4441][NTf2] > [BMpyr][NTf2] > [BMpyr][DCA], siendo este 
resultado análogo al obtenido para los sistemas ternarios con dichos líquidos iónicos.  
Comparando los resultados obtenidos para los sistemas con los ILs con el mismo catión 
en su estructura, el líquido iónico con el anion [DCA]- presenta los mayores valores de 
coeficiente de distribución y de selectividad. De la comparación de los resultados obtenidos 
para los sistemas cuaternarios con los líquidos iónicos con el mismo anión, se puede extraer 
que los valores de β siguen el orden: [N4441][NTf2] > [BMpyr][NTf2] mientras que los valores 
de la selectividad muestran la siguiente tendencia: [BMpyr][NTf2] > [N4441][NTf2]. 
El modelo termodinámico NRTL proporcionó una buena correlación de los datos de ELL 
para los sistemas cuaternarios estudiados. 
En vista de los resultados obtenidos, el líquido iónico [BMpyr][DCA] sería el mejor 
candidato de los 3 líquidos iónicos evaluados como agentes de extracción para la separación 
de benceno de sus mezclas con octano y decano, ya que se obtendría una mayor pureza del 
benceno extraído empleando una menor cantidad de disolvente en el proceso de extracción.  
 Comparación de los sistemas ternarios y cuaternarios 
La comparación de los resultados del ELL de los sistemas ternarios y cuaternarios que 
están formados por octano y decano como hidrocarburo alifático y [BMpyr][NTf2], 
[BMpyr][DCA] o [N4441][NTf2] como líquidos iónicos permite entender mejor cómo afecta 
la presencia de uno o dos hidrocarburos alifáticos en la extracción de benceno. 
La comparación de los sistemas que presentan el líquido iónico [BMpyr][DCA] muestra 
que la presencia de decano en la mezcla mejora la extracción de benceno. Por otra parte, los 
valores del coeficiente de distribución y de la selectividad calculados para el sistema 
cuaternario presentan mayores valores que los obtenidos para el sistema ternario con octano.  
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De la comparación de los sistemas con los líquidos iónicos [BMpyr][NTf2] y 
[N4441][NTf2] se pueden extraer conclusiones similares, ya que la presencia de ambos 
hidrocarburos alifáticos en la mezcla conduce a menores valores del coeficiente de 
distribución y selectividad que los obtenidos para los sistemas ternarios.  
Teniendo en cuenta todos los resultados presentados en el estudio del ELL de los sistemas 
ternarios y cuaternarios se puede concluir que el líquido iónico [BMpyr][DCA] sería el 
candidato más adecuado de los líquidos iónicos estudiados para la extracción de benceno de 
sus mezclas con octano, decano o dodecano de forma individual, así como de sus mezclas 
con octano y decano a T = 298.15 K y a presión atmosférica. Además, este líquido iónico 
presenta unas propiedades muy atractivas como son su baja viscosidad y punto de fusión que 
permite que su manejo con mayor facilidad así como una menor toxicidad que otros líquidos 
iónicos. 
Extracción líquido-líquido utilizando mezclas de baja temperatura de 
transición 
Con el fin de estudiar el posible uso de las mezclas de baja temperatura de transición 
como agentes de extracción en la separación de benceno de sus mezclas con hexano se 
determinó experimentalmente el ELL de los sistemas {hexano (1) + benceno (2) + LTTM 
(3)} a T = (298.15 y 308.15) K y a presión atmosférica. 
Para poder seleccionar el LTTM más apropiado para la separación planteada, previamente 
a la determinación del ELL se realizó un estudio de la solubilidad de benceno y hexano en 
60 LTTMs diferentes preparados en el laboratorio. Para esta selección, se descartaron 
aquéllos que presentaron una alta viscosidad, se mantuvieron sólidos a temperatura 
ambiente, no se formaron en las condiciones de trabajo empleadas y/o formaron espumas 
durante su preparación. Con estas consideraciones y buscando el LTTM que presentara una 
solubilidad moderada o alta en benceno y una baja solubilidad en hexano, los LTTMs que 
mejores resultados proporcionaron fueron: bromuro de metiltrifenilfosfonio : etilenglicol 
(1:2), cloruro de tetraetilamonio : etilenglicol (1:2), bromuro de tetrahexilamonio : 
etilenglicol (1:2) y bromuro de tetrahexilamonio : glicerol (1:2). Las mayores solubilidades 
en benceno se obtuvieron para los LTTMs basados en el dador de puentes de hidrógeno 
bromuro de tetrahexilamonio; por tanto estos dos LTTMs fueron los seleccionados para 
llevar a cabo el estudio de la extracción de benceno de hexano. 
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La determinación experimental del ELL de los sistemas ternarios {hexano (1) + benceno 
(2) + N6666Br:EG o N6666Br:Gly (3)} se realizó a T = (298.15 y 308.15) K y a presión 
atmosférica. Con estos sistemas se estudió el efecto de la temperatura así como del cambio 
del compuesto aceptor de puentes de hidrógeno del LTTM en la extracción de benceno. 
Estos análisis se realizaron en términos de los parámetros característicos de extracción. 
Finalmente, los datos experimentales de ELL fueron correlacionados con el modelo 
termodinámico NRTL y comparados con los encontrados en la bibliografía para otros 
agentes de extracción. 
El estudio de la influencia de la temperatura en el ELL de los sistemas ternarios estudiados 
muestra que la temperatura no es determinante en la extracción de benceno de hexano ya 
que los valores de β y S obtenidos a las dos temperaturas estudiadas son muy similares.  
Los valores de β y S obtenidos para los sistemas ternarios estudiados son de igual orden 
de magnitud. Sin embargo, se puede observar que los sistemas ternarios con N6666Br:EG 
presentan mayores valores de β, mientras que los sistemas que involucran el LTTM 
N6666Br:Gly presentan los mayores valores de S.  
Por otro lado, es importante destacar que la tendencia de los valores de β y S para el 
sistema ternario {hexano (1) + benceno (2) + N6666Br:EG (1:2) (3)} combina el 
comportamiento característico de los sistemas con líquidos iónicos a bajas composiciones 
de benceno y el de los sistemas con sulfolano a altas composiciones de benceno en la fase 
rica en hexano. 
Los datos experimentales del ELL de los sistemas ternarios estudiados se correlacionaron 
de forma aceptable con el modelo termodinámico NRTL. 
Finalmente, se realizó una comparación de los resultados obtenidos con los encontrados 
en la bibliografía para otros agentes de extracción como son los líquidos iónicos, sulfolano 
y otros LTTMs. 
Comparando los resultados obtenidos para los sistemas ternarios estudiados con los 
encontrados en la bibliografía para sistemas con ILs, se observa que los valores de β para los 
sistemas con los ILs [C10Mim][NTf2] y [C12Mim][NTf2] son del mismo orden de magnitud 
que los obtenidos para los sistemas estudiados con los dos LTTMs estudiados. 
A partir de la comparación realizada entre los resultados publicados por otros autores para 
el sistema que contiene sulfolano y los sistemas presentados en este trabajo, se puede 
concluir que los sistemas con sulfolano presentan mayores valores de β que los obtenidos en 
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los sistemas presentados en este trabajo utilizando LTTMs a concentraciones de benceno 
superiores a w2I  0.30. 
Con respecto a la comparación de los valores de β obtenidos con otros LTTMs, se puede 
concluir que los valores de β calculados para los sistemas ternarios estudiados en este trabajo 
son mayores que los obtenidos para la mayoría de LTTMs publicados previamente. 
Por otra parte, las selectividades obtenidas para los sistemas ternarios estudiados 
muestran valores menores que los publicados para los sistemas con los otros agentes de 
extracción comparados. 
En vista de los resultados obtenidos, cualquiera de los dos LTTMs evaluados podría ser 
utilizado como agente de extracción en la separación de benceno de sus mezclas con hexano. 
Sin embargo, se debe tener en cuenta que aunque las mayores selectividades se obtuvieron 
para los sistemas ternarios con el LTTM N6666Br:Gly, esta mezcla presentó mayor valor de 
viscosidad lo que hace su manejo más complicado.  
Una vez desarrollado este trabajo, se puede concluir que tanto los líquidos iónicos como 
las mezclas de baja temperatura de transición evaluadas podrían ser una alternativa factible 
para reemplazar el sulfolano en los procesos de extracción estudiados. Sin embargo, se 
necesita realizar estudios con mezclas con un mayor número de componentes así como 
estudios de viabilidad económica para poder evaluar adecuadamente la aplicación de estos 
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Table A1. Fitting parameters of the polynomial expressions for density as a function of the 
composition 
ߩ ൌ ܽ ൅ ܾݔଵ ൅ ܿݔଵଶ 
a b c  
{benzene (1) + [EMim][NTf2] (2)} 
1.5305 0.0384 -0.0111 8.008·10-3 
{toluene (1) + [EMim][NTf2] (2)} 
1.5319 -0.1996 -0.3234 3.979·10-3 
{ethylbenzene (1) + [EMim][NTf2] (2)} 
1.5344 -0.3018 -0.2067 1.514·10-4 
{o-xylene (1) + [EMim][NTf2] (2)} 
1.5325 -0.2454 -0.2901 6.224·10-4 
{m-xylene (1) + [EMim][NTf2] (2)} 
1.5343 -0.2960 -0.2054 6.886·10-4 
{p-xylene (1) + [EMim][NTf2] (2)} 
1.5333 -0.2700 -0.2704 7.347·10-4 
{benzene (1) + [HMim][NTf2] (2)} 
1.3959 -0.0099 -0.4691 1.834·10-3 
{toluene (1) + [HMim][NTf2] (2)} 
1.3703 -0.022 -0.3927 5.462·10-3 
{ethylbenzene (1) + [HMim][NTf2] (2)} 
1.3821 -0.1129 -0.3052 9.045·10-3 
{o-xylene (1) + [HMim][NTf2] (2)} 
1.382 -0.1012 -0.302 1.243·10-2 
{m-xylene (1) + [HMim][NTf2] (2)} 
1.3826 -0.115 -0.3005 8.420·10-3 
{p-xylene (1) + [HMim][NTf2] (2)} 
1.3731 -0.1226 -0.2875 2.586·10-3 
{benzene (1) + [HMim][DCA] (2)} 
1.0329 -0.0141 -0.0896 1.830·10-3 
{toluene (1) + [HMim][DCA] (2)} 
1.0337 -0.0374 -0.0793 7.085·10-4 
{ethylbenzene (1) + [HMim][DCA] (2)} 
1.0335 -0.0427 -0.0869 5.066·10-4 
{o-xylene (1) + [HMim][DCA] (2)} 
1.0381 -0.0588 -0.0645 7.905·10-3 
{m-xylene (1) + [HMim][DCA] (2)} 
1.0383 -0.0601 -0.0644 2.948·10-4 
{p-xylene (1) + [HMim][DCA] (2)} 
1.0375 -0.0536 -0.0785 8.551·10-4 
{benzene (1) + [EMpy][NTf2] (2)} 
1.5996 -0.0334 -0.4457 9.353·10-2 
{toluene (1) + [EMpy][NTf2] (2)} 
1.4999 -0.1506 -0.3516 6.095·10-3 
{ethylbenzene (1) + [EMpy][NTf2] (2)} 




Table A1. Continuation 
a b c  
{o-xylene (1) + [EMpy][NTf2] (2)} 
1.5015 -0.2106 -0.2909 3.548·10-3 
{m-xylene (1) + [EMpy][NTf2] (2)} 
1.5016 -0.2234 -0.2825 3.628·10-3 
{p-xylene (1) + [EMpy][NTf2] (2)} 
1.5018 -0.2246 -0.2878 3.321·10-3 
{benzene (1) + [PMpy][NTf2] (2)} 
0.8056 0.7039 -0.3412 4.583·10-3 
{toluene (1) + [PMpy][NTf2] (2)} 
0.8133 0.8139 -0.3504 5.710·10-3 
{ethylbenzene (1) + [PMpy][NTf2] (2)} 
0.9529 0.7313 -0.3547 5.863·10-3 
{o-xylene (1) + [PMpy][NTf2] (2)} 
0.8716 0.7533 -0.2887 4.363·10-3 
{m-xylene (1) + [PMpy][NTf2] (2)} 
0.9005 0.7745 -0.2952 2.753·10-3 
{p-xylene (1) + [PMpy][NTf2] (2)} 
0.8959 0.7874 -0.3036 4.601·10-3 
{benzene (1) + [EMpy][ESO4] (2)} 
1.2297 -0.1022 -0.1536 6.556·10-4 
{toluene (1) + [EMpy][ESO4] (2)} 
1.231 -0.1537 -0.1116 1.785·10-4 
{ethylbenzene (1) + [EMpy][ESO4] (2)} 
1.2298 -0.1863 -0.0974 1.514·10-4 
{o-xylene (1) + [EMpy][ESO4] (2)} 
1.2301 -0.1691 -0.0851 9.093·10-5 
{m-xylene (1) + [EMpy][ESO4] (2)} 
1.2299 -0.1923 -0.0044 4.625·10-5 
{p-xylene (1) + [EMpy][ESO4] (2)} 
1.2296 -0.16 -0.202 1.395·10-4 
{benzene (1) + [BMpyr][NTf2] (2)} 
1.4067 -0.047 -0.347 6.052·10-3 
{toluene (1) + BMpyr][NTf2] (2)} 
1.4075 -0.0625 -0.3759 1.173·10-3 
{ethylbenzene (1) + [BMpyr][NTf2] (2)} 
1.4104 -0.1704 -0.2476 8.102·10-4 
{o-xylene (1) + [BMpyr][NTf2] (2)} 
1.4077 -0.1897 -0.1631 2.845·10-3 
{m-xylene (1) + [BMpyr][NTf2] (2)} 
1.4086 -0.1212 -0.3704 1.649·10-3 
{p-xylene (1) + [BMpyr][NTf2] (2)} 
1.4067 -0.1399 -0.3279 9.208·10-4 
{benzene (1) + [BMpyr][TfO] (2)} 
1.2611 -0.0724 -0.2207 3.930·10-3 
{toluene (1) + [BMpyr][TfO] (2)} 
1.2625 -0.1315 -0.1803 1.088·10-3 
{ethylbenzene (1) + [BMpyr][TfO] (2)} 
1.2631 -0.1866 -0.111 3.421·10-4 
{o-xylene (1) + [BMpyr][TfO] (2)} 
1.2629 -0.1743 -0.1164 4.722·10-4 
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Table A1. Continuation 
a b c  
{m-xylene (1) + [BMpyr][TfO] (2)} 
1.2632 -0.1807 -0.1253 1.682·10-4 
{p-xylene (1) + [BMpyr][TfO] (2)} 
1.2619 -0.1942 -0.0911 5.398·10-5 
{benzene (1) + [BMpyr][DCA] (2)} 
1.021 -0.0161 -0.0660 7.979·10-4 
{toluene (1) + [BMpyr][DCA] (2)} 
1.0226 -0.0360 -0.0590 6.677·10-4 
{ethylbenzene (1) + [BMpyr][DCA] (2)} 
1.0229 -0.0532 -0.0440 1.813·10-4 
{o-xylene (1) + [BMpyr][DCA] (2)} 
1.0231 -0.0541 -0.0140 2.231·10-4 
{m-xylene (1) + [BMpyr][DCA] (2)} 
1.0229 -0.0560 -0.0407 7.448·10-4 
{p-xylene (1) + [BMpyr][DCA] (2)} 
1.0226 -0.0591 -0.0586 3.382·10-3 
{benzene (1) + [N4111][NTf2] (2)} 
1.3494 -0.0937 -0.2906 5.301·10-3 
{toluene (1) + [N4111][NTf2] (2)} 
1.3489 -0.1322 -0.2731 3.693·10-3 
{ethylbenzene (1) + [N4111][NTf2] (2)} 
1.3497 -0.1584 -0.2812 1.838·10-3 
{o-xylene (1) + [N4111][NTf2] (2)} 
1.3527 -0.1786 -0.2228 1.306·10-3 
{m-xylene (1) + [N4111][NTf2] (2)} 
1.3496 -0.1711 -0.2496 1.261·10-3 
{p-xylene (1) + [N4111][NTf2] (2)} 
1.3493 -0.1545 -0.2895 1.450·10-3 
{benzene (1) + [N4441][NTf2] (2)} 
1.2234 -0.0521 -0.2249 6.173·10-4 
{toluene (1) + [N4441][NTf2] (2)} 
1.2214 -0.0479 -0.2306 3.413·10-3 
{ethylbenzene (1) + [N4441][NTf2] (2)} 
1.2231 -0.0852 -0.1988 2.841·10-3 
{o-xylene (1) + [N4441][NTf2] (2)} 
1.2224 -0.0691 -0.2167 3.497·10-3 
{m-xylene (1) + [N4441][NTf2] (2)} 
1.2231 -0.0884 -0.1999 3.132·10-3 
{p-xylene (1) + [N4441][NTf2] (2)} 






Table A2. Validation points for the studied binary systems 
ݔଵୣ୶୮  / (g·cm-3) ݔଵୡୟ୪  ݔଵୣ୶୮  / (g·cm-3) ݔଵୡୟ୪ 
{benzene (1) + [EMim][NTf2] (2)}  {o-xylene (1) + [EMim][NTf2] (2)} 
0.196 1.48782 0.194  0.160 1.48258 0.162 
0.674 1.27795 0.677  0.490 1.34589 0.487 
{toluene (1) + [EMim][NTf2] (2)}  {m-xylene (1) + [EMim][NTf2] (2)} 
0.248 1.45871 0.251  0.109 1.49962 0.107 
0.608 1.29560 0.604  0.456 1.35610 0.457 
{ethylbenzene (1) + [EMim][NTf2] (2)}  {p-xylene (1) + [EMim][NTf2] (2)} 
0.103 1.49871 0.108  0.110 1.49874 0.111 
0.396 1.38257 0.398  0.427 1.36791 0.430 
{benzene (1) + [HMim][NTf2] (2)}  {o-xylene (1) + [HMim][NTf2] (2)} 
0.192 1.35641 0.195  0.290 1.32146 0.291 
0.700 1.21470 0.698  0.506 1.25649 0.508 
{toluene (1) + [HMim][NTf2] (2)}  {m-xylene (1) + [HMim][NTf2] (2)} 
0.150 1.36041 0.151  0.125 1.35987 0.128 
0.759 1.15247 0.756  0.705 1.15368 0.701 
{ethylbenzene (1) + [HMim][NTf2] (2)}  {p-xylene (1) + [HMim][NTf2] (2)} 
0.255 1.32659 0.257  0.083 1.36987 0.081 
0.480 1.25874 0.479  0.701 1.14562 0.705 
{benzene (1) + [HMim][DCA] (2)}  {o-xylene (1) + [HMim][DCA] (2)} 
0.138 0.88964 0.140  0.119 1.02354 0.122 
0.604 0.99612 0.601  0.524 0.97541 0.520 
{toluene (1) + [HMim][DCA] (2)}  {m-xylene (1) + [HMim][DCA] (2)} 
0.178 1.02310 0.180  0.160 1.02658 0.161 
0.545 0.99124 0.543  0.325 1.01245 0.322 
{ethylbenzene (1) + [HMim][DCA] (2)}  {p-xylene (1) + [HMim][DCA] (2)} 
0.150 1.02567 0.148 0.150 1.02687 0.153 
0.435 1.00023 0.438 0.443 0.99856 0.441 
{benzene (1) + [EMpy][NTf2] (2)} {o-xylene (1) + [EMpy][NTf2] (2)} 
0.251 1.42568 0.256 0.252 1.42568 0.256 
0.438 1.35546 0.437 0.432 1.35546 0.437 
{toluene (1) + [EMpy][NTf2] (2)} {m-xylene (1) + [EMpy][NTf2] (2)} 
0.352 1.39874 0.356 0.183 1.44974 0.180 
0.688 1.22547 0.690 0.490 1.32567 0.491 
{ethylbenzene (1) + [EMpy][NTf2] (2)} {p-xylene (1) + [EMpy][NTf2] (2)} 
0.389 1.36987 0.386 0.115 1.46952 0.117 
0.535 1.29854 0.531 0.623 1.23547 0.622 
{benzene (1) + [PMpy][NTf2] (2)} {o-xylene (1) + [PMpy][NTf2] (2)} 
0.112 1.29145 0.117  0.280 1.32670 0.279 
0.696 1.17541 0.695  0.593 1.26657 0.590 
{toluene (1) + [PMpy][NTf2] (2)} {m-xylene (1) + [PMpy][NTf2] (2)} 
0.146 1.33547 0.150  0.690 1.32141 0.368 
0.692 1.22369 0.694  0.581 1.27890 0.583 
{ethylbenzene (1) + [PMpy][NTf2] (2)} {p-xylene (1) + [PMpy][NTf2] (2)} 
0.160 1.36984 0.163 0.331 1.38259 0.328 
0.561 1.28658 0.558 0.563 1.29870 0.565 
{benzene (1) + [EMpy][ESO4] (2)} {o-xylene (1) + [EMpy][ESO4] (2)} 
0.173 1.20657 0.171  0.082 1.21658 0.077 
0.454 1.15326 0.455  0.186 1.19523 0.188 
{toluene (1) + [EMpy][ESO4] (2)} {m-xylene (1) + [EMpy][ESO4] (2)} 
0.159 1.20368 0.158  0.031 1.22356 0.033 
0.299 1.17564 0.296  0.155 1.19852 0.156 
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Table A2. Continuation 
ݔଵୣ୶୮  / (g·cm-3) ݔଵୡୟ୪  ݔଵୣ୶୮  / (g·cm-3) ݔଵୡୟ୪ 
{ethylbenzene (1) + [EMpy][ESO4] (2)} {p-xylene (1) + [EMpy][ESO4] (2)} 
0.080 1.21478 0.077  0.078 1.21647 0.074 
0.156 1.19851 0.155  0.132 1.20547 0.129 
{benzene (1) + [BMpyr][NTf2] (2)} {o-xylene (1) + [BMpyr][NTf2] (2)} 
0.123 1.38987 0.125  0.186 1.36598 0.183 
0.532 1.28954 0.530  0.547 1.25686 0.550 
{toluene (1) + [BMpyr][NTf2] (2)} {m-xylene (1) + [BMpyr][NTf2] (2)} 
0.171 1.36989 0.173  0.176 1.36987 0.175 
0.664 1.20547 0.666  0.551 1.23521 0.554 
{ethylbenzene (1) + [BMpyr][NTf2] (2)} {p-xylene (1) + [BMpyr][NTf2] (2)} 
0.081 1.39074 0.086  0.071 1.39154 0.075 
0.520 1.25690 0.523  0.563 1.22963 0.562 
{benzene (1) + [BMpyr][TfO] (2)} {o-xylene (1) + [BMpyr][TfO] (2)} 
0.332 1.20871 0.336  0.263 1.20996 0.260 
0.684 1.11256 0.681  0.455 1.16014 0.451 
{toluene (1) + [BMpyr][TfO] (2)} {m-xylene (1) + [BMpyr][TfO] (2)} 
0.301 1.20543 0.305  0.239 1.21358 0.236 
0.518 1.14652 0.521  0.341 1.18620 0.345 
{ethylbenzene (1) + [BMpyr][TfO] (2)} {p-xylene (1) + [BMpyr][TfO] (2)} 
0.206 1.21934 0.209  0.116 1.23894 0.112 
0.355 1.18211 0.359  0.374 1.17600 0.376 
{benzene (1) + [BMpyr][DCA] (2)} {o-xylene (1) + [BMpyr][DCA] (2)} 
0.223 1.01347 0.220  0.089 1.01808 0.087 
0.526 0.99654 0.521  0.432 0.99710 0.429 
{toluene (1) + [BMpyr][DCA] (2)} {m-xylene (1) + [BMpyr][DCA] (2)} 
0.154 1.01587 0.152  0.173 1.01284 0.169 
0.401 0.99965 0.404  0.291 1.00361 0.295 
{ethylbenzene (1) + [BMpyr][DCA] (2)} {para-xylene (1) + [BMpyr][DCA] (2)} 
0.203 1.01074 0.199  0.117 1.01587 0.115 
0.371 0.99685 0.376  0.317 1.00108 0.318 
{benzene (1) + [N4111][NTf2] (2)} {o-xylene (1) + [N4111][NTf2] (2)} 
0.067 1.34158 0.069  0.166 1.31610 0.164 
0.682 1.15874 0.685  0.504 1.20554 0.507 
{toluene (1) + [N4111][NTf2] (2)} {m-xylene (1) + [N4111][NTf2] (2)} 
0.118 1.32699 0.115  0.093 1.33141 0.089 
0.618 1.16583 0.614  0.468 1.21365 0.471 
{ethylbenzene (1) + [N4111][NTf2] (2)} {p-xylene (1) + [N4111][NTf2] (2)} 
0.172 1.31157 0.174  0.139 1.32156 0.135 
0.443 1.22633 0.441  0.488 1.20361 0.486 
{benzene (1) + [N4441][NTf2] (2)} {o-xylene (1) + [N4441][NTf2] (2)} 
0.193 1.20587 0.192  0.181 1.19841 0.184 
0.734 1.08540 0.732  0.588 1.11236 0.592 
{toluene (1) + [N4441][NTf2] (2)}  {m-xylene (1) + [N4441][NTf2] (2)} 
0.114 1.21046 0.115  0.047 1.21902 0.048 
0.817 1.03251 0.814  0.667 1.07854 0.664 
{ethylbenzene (1) + [N4441][NTf2] (2)} {p-xylene (1) + [N4441][NTf2] (2)} 
0.154 1.20301 0.153  0.131 1.20562 0.136 







Table B1. Fitting parameters of the polynomial expressions for density as a function of the 
composition 
ߩ ൌ ܽ ൅ ܾݔଵ ൅ ܿݔଵଶ ൅ ݀ݔଵଷ ൅ ݁ݔଶ ൅ ݂ݔଶଶ ൅ ݃ݔଶଷ 
a b c d e f g  
{octane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K 
1.3980 -0.6896 12.4852 -94.6671 -0.1631 -0.0375 -0.2330 1.342·10-4 
{decane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K 
1.3943 -0.6508 15.7987 0.9793 -0.1513 -0.0219 -0.2592 1.122·10-4 
{octane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K 
1.2478 0.0489 -5.1327 0.4652 -0.1341 -0.0407 -0.1456 3.969·10-4 
{decane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K 
1.2547 -0.4642 -0.0003 -0.3161 -0.1420 -0.0007 -0.1898 1.928·10-4 
{octane (1) + benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K 
1.0143 -0.3056 12.8211 0.2553 -0.0415 0.0107 -0.0730 9.248·10-5 
{octane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K 
1.3866 -0.1395 0.9485 0.6676 -0.1495 -0.1313 -0.1143 4.105·10-4 
{decane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K 
1.3894 -0.0999 -0.5817 2.5675 -0.1423 -0.0970 -0.1794 3.333·10-4 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K 
1.2778 -0.5774 1.6728 0.8382 -0.1048 -0.423 -0.1791 5.967·10-4 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 308.15 K 
1.2613 -0.6710 3.1089 0.3980 -0.0987 -0.0086 -0.2175 4.229·10-4 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 318.15 K 
1.2640 -0.9528 7.1961 -20.5034 -0.1169 0.0331 -0.2582 2.617·10-4 
{decane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K 





Table B2. Validation points for the studied ternary systems by the cloud point method 
ݔଵୣ୶୮ ݔଶୣ୶୮  / (g·cm-3) ݔଵୡୟ୪ ݔଶୡୟ୪ 
{octane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K 
0.038 0.286 1.32983 0.039 0.284 
0.030 0.632 1.21255 0.031 0.625 
0.035 0.555 1.23952 0.036 0.560 
{decane (1) + benzene (2) + [BMpyr][NTf2] (3)} at T = 298.15 K 
0.023 0.623 1.22187 0.024 0.624 
0.027 0.546 1.25578 0.026 0.548 
0.022 0.684 1.19415 0.021 0.678 
{octane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K 
0.027 0.065 1.23680 0.028 0.061 
0.029 0.324 1.19247 0.025 0.327 
0.017 0.561 1.13148 0.015 0.568 
{decane (1) + benzene (2) + [BMpyr][TfO] (3)} at T = 298.15 K 
0.009 0.081 1.20121 0.010 0.083 
0.008 0.251 1.04020 0.009 0.246 
0.010 0.546 1.17092 0.010 0.550 
{octane (1) + benzene (2) + [BMpyr][DCA] (3)} at T = 298.15 K 
0.008 0.189 1.01245 0.009 0.192 
0.009 0.412 0.99215 0.008 0.415 
0.002 0.613 0.97478 0.003 0.619 
{octane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K 
0.033 0.125 1.36316 0.032 0.120 
0.015 0.522 1.25535 0.012 0.521 
0.015 0.657 1.19890 0.014 0.654 
{decane (1) + benzene (2) + [N4111][NTf2] (3)} at T = 298.15 K 
0.030 0.216 1.37490 0.032 0.214 
0.018 0.540 1.25401 0.015 0.541 
0.025 0.728 1.16513 0.021 0.724 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K 
0.094 0.166 1.21983 0.089 0.173 
0.063 0.580 1.13741 0.064 0.582 
0.036 0.754 1.08136 0.030 0.756 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 308.15 K 
0.107 0.145 1.21005 0.109 0.148 
0.093 0.358 1.17985 0.096 0.356 
0.037 0.827 1.03092 0.030 0.831 
{octane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 318.15 K 
0.103 0.156 1.20121 0.101 0.159 
0.039 0.783 1.04020 0.040 0.785 
0.091 0.359 1.17092 0.095 0.361 
{decane (1) + benzene (2) + [N4441][NTf2] (3)} at T = 298.15 K 
0.102 0.156 1.20121 0.101 0.159 
0.037 0.785 1.04020 0.040 0.785 




Table B3. Density curve of the binary systems using for the determination of phase compositions 
of the ternary systems 
{octane (1) + benzene (2)} 
at T = 308.15 K 
 
{octane (1) + benzene (2)} 
at T = 318.15 K 
 
{decane (1) + benzene (2)} 
at T = 298.15 K 
0.000 0.863  0.000 0.852  0.000 0.874 
0.908 0.699  0.900 0.691  0.904 0.732 
0.810 0.708  0.804 0.700  0.801 0.739 
0.711 0.719  0.705 0.711  0.706 0.747 
0.606 0.732  0.598 0.724  0.607 0.756 
0.510 0.746  0.510 0.737  0.508 0.767 
0.410 0.762  0.407 0.753  0.405 0.780 
0.305 0.782  0.307 0.772  0.306 0.796 
0.194 0.806  0.278 0.796  0.203 0.816 
0.096 0.832  0.099 0.821  0.100 0.841 
1.000 0.691  1.000 0.682  1.000 0.726 
 
Table B4. Validation points for the studied ternary systems using GC-MS at T =298.15 K 
ݔଵୣ୶୮ ݔଶୣ୶୮ ݔଵୡୟ୪ ݔଶୡୟ୪ 
{dodecane (1) + benzene (2) + [BMpyr][NTf2] (3)}  
0.008 0.125 0.007 0.126 
0.009 0.268 0.009 0.270 
0.009 0.452 0.008 0.455 
{dodecane (1) + benzene (2) + [BMpyr][TfO] (3)}  
0.003 0.078 0.004 0.080 
0.004 0.295 0.005 0.298 
0.004 0.561 0.006 0.565 
{decane (1) + benzene (2) + [BMpyr][DCA] (3)}  
0.003 0.120 0.005 0.121 
0.001 0.354 0.002 0.355 
0.003 0.754 0.003 0.756 
{dodecane (1) + benzene (2) + [N4111][NTf2] (3)}  
0.001 0.064 0.001 0.066 
0.001 0.125 0.002 0.126 
0.002 0.480 0.003 0.482 
{dodecane (1) + benzene (2) + [N4441][NTf2] (3)}  
0.010 0.189 0.011 0.190 
0.015 0.356 0.014 0.354 






Table C1. Validation points for the studied quaternary systems using GC-MS at T =298.15 K 
ݔଵୣ୶୮ ݔଶୣ୶୮ ݔଷୣ୶୮	 ݔଵୡୟ୪ ݔଶୡୟ୪ ݔଷୡୟ୪	
{octane (1) + decane (2) + benzene (3) + [BMpyr][NTf2] (4)}  
0.012 0.024 0.265 0.010 0.025 0.266 
0.028 0.012 0.448 0.027 0.013 0.450 
0.654 0.085 0.261 0.654 0.084 0.262 
0.054 0.521 0.425 0.055 0.520 0.426 
{octane (1) + decane (2) + benzene (3) + [BMpyr][DCA] (4)} 
0.004 0.003 0.177 0.005 0.004 0.176 
0.006 0.001 0.453 0.004 0.003 0.454 
0.602 0.153 0.245 0.604 0.157 0.243 
0.106 0.618 0.276 0.107 0.616 0.275 
{octane (1) + decane (2) + benzene (3) + [N4441][NTf2] (4)} 
0.030 0.025 0.472 0.030 0.024 0.474 
0.013 0.034 0.501 0.014 0.034 0.501 
0.106 0.674 0.220 0.105 0.675 0.219 







Comparison with literature 
Table D1. Names and molar mass of the compounds used for the comparisons presented 
throughout the thesis 
Compounds 
Msolvent  / 
(g·mol-1) 
1-ethylpyridinium ethylsulfate, [Epy][ESO4] 233.33 
1-ethyl-3-methylimidazolium ethylsulfate, [EMim][ESO4] 236.29 
ethyl(2-hydroxyethyl)dimethylammonium bis(trifluomethylsulfonyl)imide, C2NTf2 398.36 
1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide, [C2Mim][NTf2] 391.31 
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C4Mim][NTf2] 419.36 
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C8Mim][NTf2] 475.47 
1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C10Mim][NTf2] 503.52 
1-dodecyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C12Mim][NTf2] 531.58 
1-ethyl-3-methylpyridinium ethylsulfate, [EMpy][ESO4] 247.32 
1-butyl-3-methylimidazolium tetrachloroferrate, [BMim][FeCl4] 613.01 
1-butyl-3-methylimidazolium hexafluorophosphate, [BMim][PF6] 564.33 
tris (2-hydroxyethyl) methylammonium methylsulfate, [TEMA][MSO4] 530.46 
1-butyl 3-methylimidazolium nitrate, [BMim][NO3] 481.37 
1-methyl 3-octylimidazolium nitrate, [OMim][NO3] 537.48 
1-butyl-3-methylimidazolium methylsulfate, [BMim][MSO4] 530.46 
1-propyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C3Mim][NTf2] 405.34 
Sulfolane 120.17 
lactic acid : choline chloride (2:1), LC (2:1) 106.59 
glycerol : choline chloride (2:1), GC (2:1) 107.93 
methyltriphenylphosponium bromide : ethylene glycol (1:4), PE (1:4) 121.10 
methyltriphenylphosponium bromide : ethylene glycol (1:6), PE (1:6) 104.23 








Table E1. Supplies and purities of the HBD and HBA used in the preparation of the LTTMs 




benzoic acid Sigma ≥0.995 
adipic acid Merck ≥0.99 
glycolic acid Sigma ≥0.99 
citric acid Merck ≥0.99 
succinic acid Sigma ≥0.995 
lactic acid Purac ≥0.99 
malic acid Merck ≥0.99 
oxalic acid Sigma ≥0.99 
urea Sigma Bioreagent 
choline chloride Sigma ≥0.985 
proline Sigma ≥0.985 
alanine Merck ≥0.99 
glycine Sigma ≥0.99 
betaine Sigma ≥0.99 
histidine Merck For biochemistry 
glucose VWR ≥0.99 
glycerol Merck ≥0.99 
ethylene glycol Merck ≥0.99 
imidazole Sigma ≥0.995 
methyltriphenylphosponium bromide Merck ≥0.98 
tetramethylammonium chloride Merck ≥98,0 
tetraethylammonium chloride Sigma ≥0.98 
tetrabutylammonium chloride Sigma ≥0.97 
2-cloroethyltrimethylammonium chloride Sigma ≥0.98 






Ternary systems using LTTMs 
Table F1. Validation points for the studied ternary systems using GC-FID  
ݔଵୣ୶୮ ݔଶୣ୶୮ ݔଵୡୟ୪ ݔଶୡୟ୪ 
{hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 298.15 K 
0.105 0.095 0.117 0.087 
0.195 0.327 0.190 0.318 
0.080 0.621 0.072 0.627 
{hexane (1) + benzene (2) + N6666Br:EG (3)} at T = 308.15 K 
0.113 0.127 0.121 0.133 
0.235 0.446 0.230 0.443 
0.541 0.459 0.538 0.462 
{hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 298.15 K 
0.095 0.187 0.090 0.191 
0.121 0.254 0.112 0.259 
0.324 0.676 0.315 0.680 
{hexane (1) + benzene (2) + N6666Br:Gly (3)} at T = 308.15 K 
0.107 0.064 0.104 0.090 
0.124 0.125 0.125 0.113 
0.145 0.321 0.135 0.319 
 
